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ABSTRACT 
 
GENETIC AND BIOCHEMICAL ANALYSES OF STREPTOMYCES COELICOLOR  
FTSZ, SEPF, AND OTHER POSSIBLE FTSZ-INTERACTING PROTEINS 
 
 
By 
Allen M. Kotun 
December 2013 
 
Dissertation supervised by Joseph R. McCormick, Ph.D. 
For various bacteria, an assortment of proteins, many of which are nonessential 
for division, bind the C-terminal tip of FtsZ to help stabilize the Z-ring and tether it to the 
cytoplasmic membrane. S. coelicolor produces aerial hyphae that contain numerous, 
evenly-spaced Z-rings that jointly constrict to form a chain of spores. Our understanding 
of this developmental process is complicated by the lack of known FtsZ-interacting 
proteins. To date, only two proteins, SsgA and SsgB, have been found to aid in Z-ring 
localization. For this study, the 399 amino acid FtsZ, multiple FtsZ C-terminal tip 
variants, and four putative FtsZ-associated proteins were analyzed to better understand 
how Z-rings assemble and function during development-associated cell division. 
Truncation of the conserved C-terminal tip and alanine-scanning mutagenesis revealed 
that this region is essential for FtsZ function. A strain expressing the non-functional 
FtsZ(F397A) variant and another lacking SepF, displayed a phenotype similar to that of 
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ftsZ strain: septation was, at least, dramatically reduced in vegetative filaments and 
completely blocked in aerial filaments. SepF was found to localize to the site of septation, 
consistent with the speculation that it aids in Z-ring constriction. SepF was also shown to 
dimerize in an in vivo assay, and it interacts with FtsZ through an interaction at the CTT 
to stimulate protofilament formation in vitro. On the other hand, strains lacking FtsE and 
FtsX displayed no discernible phenotype, and no interactions were found among FtsE, 
FtsX, and FtsZ in the bacterial two-hybrid analysis. Lastly, the small leucine zipper 
protein A (slzA) gene, which encodes a 69 amino acid coiled-coil protein with a leucine 
zipper motif, was identified and characterized. The location of this gene immediately 
upstream of smc suggests a possible role in DNA segregation, while the structure of the 
protein suggests that it could be analogous to E. coli division protein ZapB. The slzA-null 
strain was not overtly blocked in either division or DNA segregation. Consistent with the 
prediction that it is a leucine zipper protein, SlzA strongly interacted with itself, but, like 
ZapB, it did not interact with FtsZ. These data reveal new information to better 
understand how Z-rings are formed, stabilized, and constrict during vegetative and 
development-associated cell division in S. coelicolor. 
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Chapter 1: Literature Review 
PROKARYOTIC CELL DIVISION 
The process of cell division is essential for prokaryotic reproduction. 
Coordination of this event has mainly been studied in three bacterial species: 
Escherichia coli, Bacillus subtilis, and Caulobacter crescentus. One similarity between 
these microorganisms is the large number of proteins required for cell division. In E. coli, 
at least eighteen proteins have been identified: FtsZ, FtsA, ZipA, ZapA, ZapB, ZapC, 
ZapD, FtsE, FtsX, FtsK, FtsQ, FtsB, FtsL, FtsW, FtsI, FtsN, AmiC, and EnvC. Most have 
been named filamentous thermo sensitive (Fts) proteins because they were discovered 
while analyzing temperature-sensitive lethal mutants of E. coli that formed long, 
filamentous cells when grown at high, nonpermissive temperatures (Van De Putte et al., 
1964; Hirota et al., 1968). All of these proteins assemble at midcell during division and 
form a ring-like structure known as the divisome (Goehring and Beckwith, 2005; Vicente 
and Rico, 2006), and many of them are also required for the viability of the organism 
(Margolin, 2005). Divisome assembly occurs in a step-wise fashion in both E. coli and 
B. subtilis, where clusters of proteins co-localize at two distinct time points: an early 
phase consisting of proteins that assemble in the cytoplasm and a late phase composed of 
proteins that interact on the outer side of the membrane (Errington et al., 2003; Aarsman 
et al., 2005; Gamba et al., 2009). In C. crescentus, divisome assembly is divided into 
seven distinct stages, but the timing of cell division protein localization to midcell 
remains relatively conserved (Goley et al., 2011). 
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FTSZ AND THE Z-RING 
The first protein to localize at the future site of division is FtsZ, an approximately 
40 kDa, cytoplasmic protein that is the prokaryotic homolog of tubulin (Bi and 
Lutkenhaus, 1991; Mukherjee et al., 1993). The earliest known step of divisome 
assembly is the formation of the Z-ring (Figure 1.1). During this process, FtsZ localizes 
to the inner membrane of the cell envelope where it polymerizes into protofilaments in a 
GTP-dependent manner (Bi and Lutkenhaus, 1991; de Boer et al., 1992; RayChaudhuri 
and Park, 1992; Mukherjee et al., 1993). Protofilaments are loosely bundled together by 
non-uniform lateral interactions to form a helix along the length of the cell, which is 
reorganized over time to form one Z-ring at midcell (Michie et al., 2006; Fu et al., 2010). 
The Z-ring serves as scaffolding for the assembly of other cell division proteins and also 
provides the necessary force for cytokinesis (for reviews, see Goehrung and Beckwith, 
2005; Osawa et al., 2008). After division, FtsZ disassociates from the cell envelope and is 
once again found in the cytoplasm (Bi and Lutkenhaus, 1991). FtsZ is essential for 
viability of E. coli, B. subtilis, and C. crescentus (Bi et al., 1991; Dai and Lutkenhaud, 
1991; Pla et al., 1991; Wang et al., 2001) 
Löwe (1998) and Oliva et al. (2004) determined the crystal structure of 
Methanococcus jannaschii FtsZ in its monomeric and protofilament forms, respectively. 
Several other FtsZ crystal structures from other organisms have subsequently been 
determined, and they all confirm that FtsZ consists of four domains. The majority of FtsZ 
is comprised of two globular domains, the N- and C-termini, that can fold independently 
of one other and are separated by a long connecting core helix. The N-terminus of one 
FtsZ monomer interacts with the C-terminus of another to create a fully functional 
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GTPase activity site (Figure 1.2). As monomers polymerize, GTP is bound by a -sheet 
and six tubulin loops (T loops) within the N-terminus as well as the T7 loop of the C-
terminus (Löwe, 1998; Oliva et al., 2004). An E. coli FtsZ(D212A) variant displayed  a 
reduction in GTPase activity suggesting that the aspartic acid residue of the T7 loop is 
responsible for  polymerization-controlled regulation of GTP hydrolysis (Dai et al., 1994; 
Löwe, 1998). In addition to longitudinal interactions between subunits, lateral 
interactions between protofilaments are also essential for cell division. Shin et al. (2013) 
recently discovered that E83 and R85 of E. coli FtsZ, two highly conserved amino acid 
residues of helix H3, are required for in vitro lateral and longitudinal interactions, 
respectively.  
The third domain of FtsZ is a variable linker region that connects the C-terminal 
domain and the last domain, the C-terminal tip (Erickson, 2001; Vaughan et al., 2004). 
Buske and Levin (2013) and Gardner et al. (2013) have found that the composition of this 
third region is unimportant, as changes can be made without effecting protein function. 
While the length of this variable region does not affect protofilament formation, it is 
essential for cell division. A linker length ranging from 43-95 and 25-100 residues was 
essential for the function of E. coli and B. subtilis FtsZ, respectively. In addition, the 249-
residue linker from Agrobacterium tumefaciens FtsZ does not support division when 
introduced into B. subtilis FtsZ. This intrinsically disordered peptide acts as a flexible 
tether between the cytoplasmic protofilaments and the membrane during division (Buske 
and Levin, 2013; Gardner et al., 2013).  
The final FtsZ domain defined is the short C-terminal tip. This region of FtsZ is 
not required for polymerization, but is essential for the later stages of division in E. coli, 
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B. subtilis, and C. crescentus (Wang et al., 1997; Din et al., 1998; Ma and Margolin, 
1999). The C-terminal tip can be divided into two sections: a conserved sequence and a 
variable region. The conserved portion is required for interactions with a number of 
proteins that stabilize and tether the Z-ring to the membrane, inhibit protofilament 
formation, and target FtsZ for degradation (Figure 1.3). Buske and Levin (2012) have 
shown that the variable region is necessary in B. subtilis for FtsZ protofilaments to form 
lateral interactions in vitro in the absence of modulator proteins. These interactions are 
abolished, however, when the native variable section is replaced with that of E. coli 
(Buske and Levin, 2012). 
Z-RING STABILITY IN E. COLI 
FtsA and ZipA localize to the E. coli midcell after FtsZ, where they anchor the Z-
ring to the cell membrane (Pichoff and Lutkenhaus, 2002). FtsA is a peripheral 
membrane protein with an ATPase domain shared among members of the actin family of 
proteins (Pla et al., 1990; Bork et al., 1992). It has a higher affinity for the inner 
membrane than to phospholipids, which suggests its interaction with the membrane is 
modulated by integral membrane proteins (Martos et al., 2012). FtsA homodimerization 
occurs via interactions at the N-terminus and is required for proper stability of the Z-ring, 
while the conserved C-terminal amphipathic helix serves as a membrane targeting 
sequence (Pichoff and Lutkenhaus, 2005; Shiomi and Margolin, 2007). FtsA also forms 
actin-like protofilaments, that are essential for FtsA function during cell division (Pichoff 
and Lutkenhaus, 2005; Pichoff and Lutkenhaus, 2007; Szwedziak et al., 2012). Multiple 
mutations within ftsA have been found to bypass the need for ZipA, suggesting FtsA is 
more critical for cell division (Geissler et al., 2003; Pichoff et al., 2012). Consistent with 
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that interpretation, FtsA is also highly conserved, while ZipA is only found in organisms 
closely related to E. coli. 
ZipA, or FtsZ-interacting protein A, is a bitopic membrane protein that links the 
Z-ring to the cell envelope (Hale and de Boer, 1997). The N-terminus contains a singular 
transmembrane region and the C-terminal 143 residues are required for interacting with 
FtsZ (Hale and de Boer, 1997; Hale et al., 2000). Its localization to the site of division is 
independent of FtsA (Hale and de Boer, 1999). Skoog and Daley (2012) have shown by a 
cystein cross-linking assay that ZipA forms homodimers in vivo. Trimers, tetramers, and 
larger ZipA oligomers have also been observed while performing this analysis in the 
presence of FtsZ in vitro (Skoog and Daley, 2012). One unique function of ZipA is its 
ability to protect FtsZ from ClpXP-mediated (caseinolytic peptidase) degradation by 
interacting with a binding site it shares with ClpX on the C-terminal tip of FtsZ (Pazos et 
al., 2013). 
The localization of FtsA and ZipA to the site of division is dependent on the prior 
localization of FtsZ (Addinall and Lutkenhaus, 1996; Hale and de Boer, 1999; Liu et al., 
1999); and both proteins directly interact with a conserved motif located at the C-terminal 
tip of FtsZ (Liu et al., 1999; Ma and Margolin, 1999; Haney et al., 2001). When either 
FtsA or ZipA is inactivated, the Z-ring forms and cell division can occur. Inactivating 
both proteins prevents Z-ring formation, which indicates that these proteins have 
overlapping functions (Pichoff and Lutkenhaus, 2002). One important function these 
proteins share is the recruitment of other cell division proteins to the midcell (Hale and de 
Boer, 2002). FtsA has been shown to directly interact with FtsX, -Q, -L, -I, and -N via 
two-hybrid, polar recruitment, and pull-down assays (Di Lallo et al., 2003; Corbin et al., 
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2004; Karimova et al., 2005; Busiek et al., 2012). Fluorescence microscopy has revealed 
that FtsK, -Q, -L, and -N fail to localize to midcell when ZipA is depleted (Hale and de 
Boer, 2002).   
ZapA is a Z-ring associated protein that also directly interacts with FtsZ (Gueiros-
Filho and Losick, 2002). This small, cytoplasmic protein is nonessential for cell division 
in E. coli and is not required for the proper localization of other cell division proteins 
(Johnson et al., 2004; Goehring et al., 2005). This protein has been found to bind 
polymers of FtsZ, to promote FtsZ polymer bundling and crosslinking, to stabilize 
longitudinal interactions between FtsZ monomers, and to inhibit the GTPase activity of 
FtsZ (Small et al., 2007; Mohammadi et al., 2009; Dajkovic et al., 2010). The crystal 
structure of Pseudomonas aeruginosa ZapA reveals two domains: an N-terminal globular 
domain and a C-terminal coiled-coil domain (Low et al., 2004). The N-terminus is 
required for homodimerization as well as interactions with FtsZ and the C-terminus 
interacts with ZapB, another Z-ring stabilizing coiled-coil protein (Galli and Gerdes, 
2012). ZapA exists as a dimer or tetramer in solution, but tetramerization is required for 
FtsZ bundling (Small et al., 2007; Pacheco- Gómez et al., 2013). 
ZapB is a small, cytoplasmic, coiled-coil protein that upon depletion in E. coli 
causes cell elongation as well as problems with Z-ring assembly and localization 
(Ebersbach et al., 2008). ZapB does not directly interact with FtsZ, but instead requires 
ZapA for its recruitment to midcell (Galli and Gerdes, 2010; Galli and Gerdes, 2012). A 
bacterial two-hybrid analysis has shown that ZapB interacts with itself, and an in vitro 
structure analysis revealed the formation of thin filaments that bundled into thicker cables 
when in the presence of ZapA (Ebersbach et al., 2008; Galli and Gerdes, 2012). In 
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addition to its role in Z-ring stability, ZapB also induces nucleoid condensation when 
overexpressed and interacts with MatP, a protein that binds and compacts macrodomain 
Ter of the E. coli chromosome (Ebersbach et al., 2008; Espéli et al., 2012). This 
interaction with MatP may be responsible for linking replicated chromosomes by their 
Ter macrodomain to the E. coli Z-ring (Espéli et al., 2012).  
Durand-Heredia et al. (2011) and Hale et al. (2011) recently discovered ZapC, 
which is a small, cytoplasmic, α/β protein that is conserved among some 
gammaproteobacteria. While this protein does not share sequence homology to ZapA or 
ZapB, it is functionally similar to the former. It localizes to midcell in an FtsZ-dependent 
manner where it directly interacts with the Z-ring to promote protofilament bundling and 
prevent GTP hydrolysis. ZapC is not required for viability; depletion and overexpression 
both lead to cell elongation (Durand-Heredia et al., 2011; Hale et al., 2011).  
ZapD was the most recent FtsZ-associated protein to be identified in E. coli. 
Durand-Heredia et al. (2012) found that this protein localizes to the midcell in an FtsZ-
dependent manner where it directly interacts with the C-terminal tip of FtsZ to promote 
bundling of protofilaments and Z-ring assembly. Overexpression of ZapD leads to 
filamentation; however, no discernible phenotype was observed in the zapD-null strain 
(Durand-Heredia et al., 2012). While each of the FtsZ-associated proteins contributes to 
the overall stability of FtsZ protofilaments, they do not share any primary sequence 
identity with one another. 
FtsE and FtsX share homology with the ATP-binding cassette (ABC) transporter 
superfamily of proteins and are known to interact with one another to create an E2X2 
tetrameric complex (de Leeuw et al., 1999). FtsE forms the cytoplasmic, nucleotide-
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binding domains and FtsX comprises the hydrophobic, membrane-spanning regions that 
presumably form a channel. Localization of FtsEX to midcell of E. coli is dependent on 
FtsZ, FtsA, and ZipA and is required to facilitate the recruitment of downstream cell 
division proteins (Schmidt et al., 2004). FtsE directly interacts with FtsZ, but not at the 
highly conserved C-terminal tip like FtsA and ZipA (Corbin et al., 2007). FtsX interacts 
with FtsA and FtsQ (Karimova et al., 2005). The FtsEX protein complex is only required 
for the stability of Z-rings under conditions of low salt and low osmotic strength (Reddy, 
2007).  
Based on the ability of high medium concentrations of NaCl, KCl, and K2SO4 to 
rescue a strain lacking FtsEX, it has been suggested that this protein complex acts as an 
importer (Gill et al., 1986; de Leeuw et al., 1999). FtsX does not appear to have any 
charged residues within the transmembrane segments, however, making salt or ion 
transport unlikely (Ardens et al., 2009). One alternate theory is that FtsEX is required for 
translocation of K+-pump proteins into the cytoplasmic membrane. Ukai et al. (1998) 
found that components of three K+-pumps no longer localized to the membrane in a strain 
depleted for FtsE. A more recent study by Yang et al. (2011) has shown that FtsEX 
performs a different function during cell division, leading cell wall hydrolysis at the site 
of division. Their data show that FtsEX recruits EnvC (envelope protein C), a LytM-
domain-containing protein required for the activity of amidases, to the site of cell division 
through an interaction in the large periplasmic loop of FtsX. They also found that the 
ATPase activity of FtsE is required for amidase activation by EnvC. The proposed model 
is that ATP hydrolysis performed by FtsE causes a conformational change in FtsX, which 
is transmitted to EnvC for activation of the amidases (Yang et al., 2011). This 
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interpretation is supported by evidence that lesions within the ATP-binding site of FtsE 
prevent proper division (Arends et al., 2009).  
Z-RING STABILITY IN B. SUBTILIS 
B. subtilis is the Gram-positive model organism for the study of binary fission. 
Cell division in this organism is very similar to that of E. coli. With the exceptions of 
ZipA, ZapB, ZapC, and ZapD, homologs for all of the FtsZ-stabilizing proteins have 
been found in B. subtilis (Errington et al., 2003; Goehring and Beckwith, 2005; Harry et 
al., 2006). Like in E. coli, FtsEX is required for the activation of a peptidoglycan 
hydrolase, CwlO (cell wall lysis protein O) (Meisner et al., 2013); however, it also has a 
secondary function outside of growth and medial cell division. Garti-Levi et al. (2008) 
have found that B. subtilis FtsEX was required for polar septation. Through bypassing the 
normal steps of sporulation in the ftsEX mutant strain, they concluded that the ABC 
transporter acts to import a sporulation signal that is required for induction of the 
phosphorelay and Spo0A (stage 0 sporulation protein A) activation. Without this signal, 
cells must wait for input from parallel pathways before sporulation can be achieved 
(Garti-Levi et al., 2008). In addition to those mentioned above, EzrA and SepF 
(previously named YlmF), are also required for stabilization and formation of the Z-ring 
(Levin et al., 1999; Hamoen et al., 2006; Ishikawa et al., 2006). 
 In B. subtilis, the functions of FtsA and ZapA have remained conserved. FtsA has 
a C-terminal extension not found in E. coli; however, the conserved region of these 
orthologs shares 34% identical residues (Beall et al., 1988). The ATPase activity of FtsA 
is conserved and required for proper Z-ring localization and formation (Feucht et al., 
2001; Jenson et al., 2005). Deletion of ftsA leads to a filamentous phenotype, impaired 
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growth, as well as a reduction in viability and sporulation (Beall and Lutkenhaus, 1992). 
It interacts with itself to form a dimer and with FtsZ through interactions at the C-
terminal tip (Wang et al., 1997; Feucht et al., 2001). 
Gueiros-Filho and Losick (2002) were the first to describe ZapA (previously 
named YgfE). They found that it colocalized with the Z-ring in vivo and also promoted 
FtsZ protofilament bundling in vitro. ZapA is dispensable for viability and division, but 
becomes essential when EzrA, another Z-ring-associated protein, is absent or when FtsZ 
is underexpressed (Gueiros-Filho and Losick, 2002). ZapA also appears to be important 
for remodeling FtsZ protofilament bundles from a loose helical structure stretching 
throughout the entire cell to the tight Z-ring localized only at midcell (Monahan et al., 
2009). It is 11% identical in amino acid sequence (31% similar) to E. coli ZapA (Small et 
al., 2007). 
EzrA is a transmembrane protein that is uniformly distributed within predivisional 
cells (Levin et al., 1999). It is highly conserved among low-G+C-content Gram-positive 
bacteria and was first identified in B. subtilis as a negative regulator of FtsZ assembly. 
The loss of this protein lowers the amount of FtsZ needed to form stable Z-rings, leading 
to the formation of additional Z-rings and septa (hence the name EzrA: extra Z-rings A) 
(Levin et al., 1999). It interacts with the C-terminal tip of FtsZ and inhibits 
polymerization to prevent the formation of aberrant Z-rings (Haeusser et al., 2004; Singh 
et al., 2007). EzrA has the ability to decrease the binding affinity of FtsZ for GTP as well 
(Chung et al., 2007). This protein also localizes to midcell in an FtsZ-dependent manner 
(Levin et al., 1999; Haeusser et al., 2004). A conserved patch of amino acids in the C-
terminus of EzrA is required for its localization to the Z-ring, but this region has no effect 
 11
on its ability to prevent FtsZ polymerization at the cell poles (Haeusser et al., 2007). 
Lowering EzrA expression results in a filamentous phenotype which suggests it has a 
potential second function as a positive regulator of cell division (Chung et al., 2004). 
Because EzrA shares similar topology with ZipA and both proteins interact with FtsZ, it 
is possible these two proteins could be functionally homologous (Errington et al., 2003). 
 SepF, a protein involved in septum development, was first identified by Hamoen 
et al. (2006) and Ishikawa et al. (2006). This protein is conserved among Gram-positive 
bacteria and cyanobacteria, but is not required for viability in B. subtilis. A sepF deletion 
mutant displayed a cell division defect in which septa were formed slowly and aberrantly. 
Depleting SepF simultaneously with either EzrA or FtsA results in a synthetic lethal 
phenotype, and overexpression of SepF rescues an FtsA- strain, suggesting overlapping 
roles among these proteins. SepF interacts with itself and FtsZ, which it requires for 
localization to midcell during division (Hamoen et al., 2006; Ishikawa et al., 2006). Król 
et al., (2012) recently discovered that SepF interacts specifically with the C-terminal tip 
of FtsZ. Alanine-scanning mutagenesis revealed that the highly conserved P372 and F374 
residues were most important for this interaction, although altering other residues within 
the conserved and variable region of the C-terminal tip led to a considerable decrease in 
SepF binding as well. Because altering 11 of the 16 amino acids of the C-terminal tip 
greatly affected SepF binding, the authors suggest that SepF recognizes the secondary 
and tertiary structure of this region (Król et al., 2012). 
Singh et al. (2008) have shown by 90° light scattering analysis that SepF 
functions by promoting FtsZ protofilament assembly. An increase in protofilaments 
formation was also observed when SepF was added to a diluted sample of preformed 
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FtsZ polymers, suggesting that SepF can also prevent the disassembly of protofilaments. 
Transmission electron microscopy revealed that FtsZ, which normally produces small, 
thin protofilaments, instead forms thick bundles in the presence of SepF (Singh et al., 
2008). Gündoğdu et al. (2011) found that SepF polymerizes into very large rings at 
physiological conditions in vitro and that these rings aid FtsZ bundling. They also 
characterized two mutations within SepF, A98V and F124S, that were found to prevent 
bundling. Neither variant can bind FtsZ, but only SepF(A98V) is unable to polymerize 
into ring structures (Gündoğdu et al., 2011).    
 SepF has been partially characterized in the Gram-positive bacterium 
Streptococcus pneumoniae and two cyanobacteria as well. The S. pneumoniae sepF 
strain displayed a similar phenotype as the B. subtilis mutant: cells of various sizes and 
shapes as well as multiple and thinner septa forming during an early stage of constriction 
(Fadda et al., 2003). In the cyanobacteria studied, SepF (previously named Cdv2 for Cell 
Division Protein 2) was found to be essential, and depletion of SepF in Synechococcus 
elongatus (rod-shaped) and Synechocystis Strain PCC 6803 (spherical) led to cell 
filamentation and giant cells, respectively (Miyagishima et al., 2005; Marbouty et al., 
2009). SepF also localizes to the Synechocystis septum at midcell and binds FtsZ 
polymers to stimulate assembly of protofilaments (Marbouty et al., 2009). 
Z-RING STABILITY IN C. CRESCENTUS 
C. crescentus is the third major model organism for the study of cell division in 
prokaryotes. Division in this organism is unique, as it occurs asymmetrically to produce a 
motile stalk cell and an immobile swarmer cell. Goley et al. (2011) have created a model 
of divisome assembly by analyzing the localization of fluorescently tagged proteins at 
 13
various times after culture synchronization. Ten to sixteen minutes after Z-ring formation 
begins, FtsZ-associated proteins FtsE (with FtsX), FzlA, FzlC, and ZapA arrive. Of all 
the Z-ring stabilizers, FtsA localizes to the midcell last, 20 minutes after the others. It is 
unknown why these proteins arrive so late after Z-ring formation. This timing may be an 
artifact of coexpressing native and YFP-tagged FtsZ. Even though protein levels are only 
slightly elevated in this strain, it may be enough to cause premature polymerization 
(Goley et al., 2011). The FtsE, FtsX, and ZapA homologs of C. crescentus are believed to 
function as their counterparts do in E. coli and have not been a focus of study. FtsA, 
FzlA, and FzlC are discussed below. 
FtsA is essential for cell division in C. crescentus and the last six amino acid 
residues are necessary for proper function and/or folding (Osley and Newton, 1977; Ohta 
et al., 1997; Sackett et al., 1998).  Like the organisms discussed above, FtsA has been 
shown to localize primarily at the midcell of predivisional cells and interact with the C-
terminal tail of FtsZ (Din et al., 1998; Martin et al., 2004). It appears to be required for 
both the early and late stages of cell division, as depletion can lead to vegetative cells 
with or without shallow constrictions (Ohta et al., 1997; Martin et al., 2004). 
Transcription of ftsA is temporally regulated by two promoters, one of which is shared 
with ftsQ, and occurs much later than ftsZ (Sackett et al., 1998). There is also a 
significant delay between FtsZ and FtsA localization at midcell (Möll and Thanbichler, 
2009; Goley et al., 2011). Since Z-ring formation begins without FtsA, another protein 
must also be responsible for tethering FtsZ to the membrane. There is no homolog of 
ZipA in C. crescentus and another protein with this function has yet to be found. After 
division, protein levels are regulated by an unknown post-translational mechanism that 
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causes rapid degradation of FtsA in swarmer cells and a much slower degradation in stalk 
cells (Martin et al., 2004). 
Goley et al. (2010) discovered FzlA and FzlC (FtsZ-localized protein) by an in 
vivo florescence microscopy-based assay that screened the localization patterns of 
different ORFs fused to mCherry. FzlA is a putative member of the glutathione S-
transferase family and FzlC is a protein of unknown function with limited sequence 
similarity to the heparinase II and III protein families. Both are widely conserved in -
proteobacteria. They bind FtsZ and also require FtsZ for their localization to midcell. 
FzlA is essential for cell division, while FzlC is dispensable; therefore, most of the 
published study focused on the characterization of FzlA. Depletion of FzlA causes a 
dramatic reduction of doubling time and eventually prevents the cells from growing. Z-
rings form and other proteins localize to midcell, but cytokinesis does not occur properly 
without FzlA. Overexpression of FzlA leads to mislocalization of Z-rings suggesting it 
may interfere with other proteins required for Z-ring formation. Like FtsA, the abundance 
and localization of FzlA is temporally regulated, although the highest levels of FzlA 
expression occur prior to and during Z-ring assembly. FzlA appears to act as a stabilizer 
of Z-rings as it is able to promote higher-order structures of FtsZ in vitro. Bundling of 
FtsZ protofilaments is also stimulated by FzlA, but unlike the straight, parallel bundles 
formed by ZapA and SepF, FzlA promotes curved bundles. These data suggest that the 
function of FzlA is to bundle FtsZ protofilaments and induce a curvature to the Z-ring 
that will help generate the force necessary for cytokinesis (Goley et al., 2010). 
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DEVELOPMENT-ASSOCIATED CELL DIVISION IN STREPTOMYCES COELICOLOR 
S. coelicolor is a Gram-positive, soil bacterium that differs from other prokaryotes  
with respect to its life cycle (Figure 1.4). Instead of growing and dividing through the 
process of binary fission, this organism grows in a highly polar fashion by tip extension 
to form a mycelium similar to that of filamentous fungi. The life cycle begins with a 
single spore that upon encountering a suitable environment germinates, producing one or 
more hyphal outgrowths. Through a process of continual tip extension and branching, a 
vegetative mycelium forms within the substrate. These hyphae produce widely spaced 
cross-walls and therefore each large compartment can contain numerous copies of the 
chromosome. Reproductive aerial filaments form from specialized branches as the 
mycelium of the organism matures. Development-associated cell division (i.e., 
sporulation) occurs within these filaments. The multinucleoid aerial hyphae 
synchronously produce sporulation septa to create regularly spaced, uninucleoid 
compartments that further mature into spores (for reviews, see McCormick, 2009; Flärdh 
et al., 2012; McCormick and Flärdh, 2012).  
McCormick et al. (1994) was the first to clone and study ftsZ in S. coelicolor. 
This gene was found to be essential for dividing the aerial hyphae into chains of 
uninucleoid spores. Surprisingly, unlike all of the other organisms tested, this gene is not 
required for the viability of S. coelicolor. The ftsZ-null mutant is able to produce aerial 
hyphae, but these filaments arrest at an early stage of development and are unable to 
produce septa (McCormick et al., 1994). Flärdh et al. (2000) mapped transcription 
originating from the intragenic region between ftsZ and the upstream gene, ftsQ. Three 
possible promoters were found, one of which, ftsZ2p, was strongly upregulated at the 
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time of aerial hyphae formation. This differential regulation, in part, explains how FtsZ is 
able to produce relatively few cross-walls in vegetative filaments and also coordinate 
septation during sporulation (Flärdh et al., 2000). 
Compared to E. coli and B. subtilis, FtsZ dynamics remain relatively conserved in 
S. coelicolor (Figure 1.5). As the levels of FtsZ increase, it polymerizes to form a helical 
structure spanning the entire length of the aerial filament (Grantcharova et al., 2005). A 
remodeling event occurs to condense this helix into smaller helices and ring-like 
structures, eventually culminating with the formation of multiple, evenly-spaced Z-rings 
(Schwedock et al., 1997; Grantcharova et al., 2005). The entire genome 9.7 Mb has been 
sequenced and annotated revealing many homologous cell division genes (Bentley et al., 
2002; Weaver et al., 2004). Unlike FtsZ, the other cell division proteins (FtsQ, DivIC 
[FtsB homolog], FtsL, FtsK, FtsI, and FtsW) were found to be dispensable for sporulation 
(McCormick and Losick, 1996; Bennett et al., 2007; Bennett et al., 2009; Dedrick et al., 
2009). While these null strains were able to undergo development-associated division, 
this process was largely blocked in the ftsQ strain and completely blocked in ftsL, 
diviC, ftsI , and ftsW strains when grown on the osmotically enhanced medium 
R2YE (McCormick and Losick, 1996; Bennett et al., 2007; Bennett et al., 2009). On the 
other hand, most of the genes encoding FtsZ-interacting proteins found in E. coli, 
B. subtilis, and C. crescentus are noticeably absent.  
Recent studies suggest that some SsgA-like proteins (SALPs) may be responsible 
for Z-ring localization in S. coelicolor. This family of proteins is novel and specific to 
Actinobacteria. SsgA was originally discovered as a suppressor of sporulation in 
Streptomyces griseus, and was later found to be essential for stimulating sporulation septa 
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formation in S. coelicolor (Kawamoto & Ensign, 1995; van Wezel et al., 2000). SsgB, a 
close homolog of SsgA, is also essential for septation in aerial hyphae (Keijser et al., 
2003; Sevciková and Kormanec, 2003). Both proteins were originally thought to play a 
role in the development of aerial hyphae, not division (van Wezel et al., 2000; Kormanec 
and Sevciková, 2002; Sevciková and Kormanec, 2003). A study by Willemse et al. 
(2011) recently revealed a novel role for these proteins. Their findings suggest that SsgA 
is actually the first protein to localize at the future sites of division. SsgB arrives next and 
colocalizes for a brief period of time before SsgA relocates to a position adjacent to the 
septa. SsgB then actively recruits FtsZ and tethers it to the membrane (Willemse et al., 
2011). Overexpressing FtsZ is able to bypass the need for many developmental genes, but 
not ssgB, further supporting its putative important role in development-associated 
division (Willemse et al., 2012).   
Additional research is needed to better understand the localization and stability of 
the Z-rings in S. coelicolor aerial hyphae. Most FtsZ-associated proteins in E. coli, 
B. subtilis, and C. crescentus interact with the C-terminal tip of FtsZ. This region remains 
highly conserved in S. coelicolor (Figure 1.6), suggesting it maintains a similar function. 
SsgB may play a role in tethering FtsZ protofilaments to the membrane, but a bacterial 
two-hybrid analysis has shown it interacts with the N-terminus of FtsZ (Willemse et al., 
2011). That leaves three homologous proteins, important for division in other bacteria, 
which may interact with FtsZ: FtsE, FtsX, and SepF. Of these proteins, only SepF has 
been shown to interact with the C-terminal tip (Król et al., 2012). FtsE directly interacts 
with FtsZ, but truncation of the CTT did not affect this interaction (Corbin et al., 2007). 
FtsEX and SepF are required for Z-ring stability in E. coli and B. subtilis, respectively; 
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however, their functions related to division in S. coelicolor have yet to be determined. It 
is likely that novel proteins, in addition to SsgA and SsgB, are also involved in the 
process Z-ring localization and stability. The Actinobacteria are known to contain many 
proteins that are only found within the entire phylum or smaller subgroups (Gao et al., 
2006). The functions of many of these Actinobacteria-specific proteins are currently 
unknown, but some of them may be found to aid FtsZ during development-associated cell 
division.    
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Table 1.1: Summary of the FtsZ-interacting proteins. 
Protein  Organism(s)a  Z-ring Function Essential For Division 
Interaction 
With FtsZ 
FtsA  E.c  B.s. C.c.  Tethering Yes Yes – CTT
ZipA  E.c. Tethering Yes Yes – CTT
FtsE  E.c.   B.s.  C.c.   S.c.  
Stability (E.c.) 
Sporulation
b 
(B.s.)
No
c 
(E.c.)
No
b 
(B.s.)
Yes – Globular 
Core
  
FtsX  E.c.   B.s.  C.c.   S.c.  
Stability (E.c.) 
Sporulation
b
 (B.s.)
No
c 
(E.c.)
No
b 
(B.s.)
No 
ZapA  E.c.   B.s.  C.c.  Stability No  
Yes – Globular 
Core  
ZapB  E.c. Stability No No  
ZapC  E.c. Stability  No  Yes – Globular Core  
ZapD  E.c. Stability No Yes – CTT 
EzrA  B.s. 
Stability & 
Negative 
Regulator 
Yes  Yes – CTT  
SepF  B.s.   S.c. Stability & Septation (B.s.) No (B.s.)  Yes – CTT (B.s.) 
FzlA  C.c. Stability Yes Yes – Unknown 
FzlC  C.c. Unknown No Yes – Unknown 
SsgA  S.c. Tethering Yesd No  
SsgB  S.c. Tethering  Yesd  Yes – Globular Core  
a) Homologs of the protein are present in these organisms, but are not necessarily 
characterized; b) B. subtilis FtsEX imports a signal required for sporulation, but is not 
responsible for medial division; c) E. coli FtsEX are only necessary for division under 
conditions of low salt; d) SsgA and SsgB are only required for the production of 
sporulation septa (E.c. – E. coli; B.s. – B. subtilis; C.c. – C. crescentus; S.c. – 
S. coelicolor; CTT – C-terminal tip) 
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Chapter 2: Streptomyces coelicolor SepF interacts with the 
C-terminal tip of FtsZ and is required for septation 
A.M. Kotun, J.W. Morris, H.E. Goodman, and J.R. McCormick 
ABSTRACT 
For unicellular bacteria, many proteins bind the C-terminal tip of FtsZ to help 
stabilize the Z-ring and tether it to the cytoplasmic membrane. The filamentous bacterium 
Streptomyces coelicolor produces aerial hyphae that contain numerous, evenly-spaced Z-
rings that jointly constrict to form a chain of spores. A more complete understanding of 
this process is complicated by the lack of known FtsZ-interacting proteins, which should 
modulate the in vivo activity of this protein. FtsZ (399 amino acids), FtsZ variants, and 
SepF were analyzed to better understand how Z-rings assemble and function during 
vegetative growth and development-associated cell division. Truncation of the C-terminal 
tip (C12) prevented cell division, and alanine-scanning mutagenesis revealed that L392, 
D393, V394, P395, F397, and L398 were essential for FtsZ function. SepF and two SepF-
like proteins were identified and characterized by phylogenetic analysis. A sepF strain 
displayed a phenotype similar to that of a ftsZ strain and was unable to produce 
vegetative cross-walls and sporulation septa. SepF-EGFP localized to the site of septum 
formation in aerial filaments. FtsZ-EGFP was able to form Z-rings in the sepF-null strain, 
but the number of Z-rings was dramatically reduced and it appeared that they were no 
longer confined to aerial hyphae. The SepF homolog dimerizes, as judged by a bacterial 
two-hybrid analysis, and stimulated FtsZ protofilament formation in a sedimentation 
assay. In contrast, SepF did not stimulate FtsZ(F397A) polymerization. In the absence of 
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SepF, FtsZ(F397A) polymerized as efficiently as native FtsZ. These data suggest that 
SepF interacts with the C-terminal tip of FtsZ and is essential for septation during 
vegetative cross-wall formation and development-associated cell division.  
INTRODUCTION 
FtsZ, the prokaryotic homolog of tubulin, is the first protein to localize to the 
midcell in unicellular bacteria, where it polymerizes in a GTP-dependent manner to form 
the Z-ring (Bi and Lutkenhaus, 1991; de Boer et al., 1992; Mukherjee et al., 1993). First, 
protofilaments are loosely bundled together by non-uniform lateral interactions to form a 
helical structure that extends along the length of the cell, which is reorganized over time 
to form one Z-ring at midcell (Michie et al., 2006; Fu et al., 2010). Once the Z-ring has 
formed, it acts as a scaffold to assemble the other proteins required for binary fission (for 
review, see Goehring and Beckwith, 2005) and also provides the necessary force for 
cytokinesis (Osawa et al., 2008). After division, FtsZ disassociates from the cell 
membrane and is once again found in the cytoplasm (Bi and Lutkenhaus, 1991). 
 Localization and stability of the Z-ring is accomplished by a number of FtsZ-
interacting proteins, most of which bind to the highly conserved C-terminal tip (CTT) 
(for review, see Huang et al., 2013). In Escherichia coli, FtsA and the lesser conserved 
FtsZ-interacting protein ZipA localize to the midcell after FtsZ where they directly 
interact with FtsZ to anchor the Z-ring to the cell membrane (Hale and de Boer, 1997; 
Pichoff and Lutkenhaus, 2002; Pichoff and Lutkenhaus, 2005). The Z-ring associated 
proteins ZapA, -B, -C, and -D are nonessential proteins that stabilize the Z-ring by 
directly interacting with the globular core or CTT of FtsZ or, in the case of ZapB, with 
ZapA (Gueiros-Filho and Losick, 2002; Ebersbach et al., 2008; Galli and Gerdes, 2010; 
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Hale et al., 2011; Durand-Heredia et al., 2011; Durand-Heredia et al., 2012). The ATP-
binding cassette transporter FtsEX localizes to the Z-ring via an interaction between FtsE 
and the globular core of FtsZ, but is only required for stabilization under low-osmolarity 
conditions (Reddy, 2007). SepF, a non-essential protein required for proper septum 
development, is conserved among Gram-positive bacteria (Hamoen et al., 2006; Ishikawa 
et al., 2006). In Bacillus subtilis, SepF directly interacts with the CTT of FtsZ and 
stimulates the assembly of protofilaments (Singh et al., 2008; Król et al., 2012). SepF 
also oligomerizes to form large rings in vitro that bundle protofilaments into tubular 
structures similar to microtubules (Gündoğdu et al., 2011). In Caulobacter crescentus, 
Goley et al. (2010) characterized two different FtsZ-localized proteins: FzlA and FzlC. 
FzlA is essential and may work to stabilize Z-rings, as it is able to promote higher-order 
structures of FtsZ in vitro. FzlC also binds FtsZ in vitro, but is not required for growth or 
viability. The region of FtsZ which FzlA and FzlC bind is currently unknown (Goley et 
al., 2010). 
The Gram-positive, soil bacterium Streptomyces coelicolor differs from other 
prokaryotes with respect to its life cycle. This organism grows by tip extension and 
branching to create a mycelium similar to that of filamentous fungi and forms 
reproductive aerial filaments, the site of development-associated cell division (i.e., 
sporulation), as the organism matures (for review, see McCormick and Flärdh, 2012). As 
the levels of FtsZ increase, it polymerizes to form a helical structure spanning the entire 
length of each aerial hypha (Grantcharova et al., 2005). Over time, a remodeling event 
occurs to restructure this helix into 50-100 evenly-spaced Z-rings (Schwedock et al., 
1997; Grantcharova et al., 2005). As the Z-rings synchronously constrict, uninucleoid 
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compartments are formed that later mature into spores. The entire 9.7 Mb genome has 
been sequenced and annotated revealing many homologous cell division genes (Bentley 
et al., 2002; Weaver et al., 2004). However, most of the genes encoding FtsZ-interacting 
proteins found in E. coli, B. subtilis, and C. crescentus are noticeably absent. This 
suggests that the limited S. coelicolor homologs may play a larger role in the formation, 
location, and stability of the Z-ring or novel analogous proteins are providing these 
functions.  
A study by Willemse et al. (2011) recently unveiled the functions of two novel 
proteins required for Z-ring localization is S. coelicolor: SsgA and SsgB. They found that 
SsgA was the first protein to localize at the future sites of division. SsgB arrived next 
through interactions with SsgA and then actively recruited and tethered FtsZ to the 
membrane. A bacterial two-hybrid analysis suggests that SsgB aids Z-ring localization 
though an interaction with the N-terminus of FtsZ (Willemse et al., 2011). In contrast, the 
majority of the Z-ring stabilizers in E. coli, B. subtilis, and C. crescentus interact with the 
CTT of FtsZ. This short terminal region of FtsZ remains highly conserved in S. 
coelicolor, which may indicate it maintains a similar function; however, CTT-interacting 
proteins have yet to be found.  
The goal of this study was to better understand how Z-rings are synchronously 
formed and stabilized during development-associated cell division in S. coelicolor. 
Truncation and alanine-scanning mutagenesis of the CTT revealed that this region is 
essential for proper FtsZ function. In addition, the homolog of the FtsZ-interacting 
protein SepF was also found to be required for vegetative cross-wall formation and 
sporulation septation. The localization of SepF-EGFP in the wildtype strain was 
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determined and Z-ring formation and localization was observed in the sepF-null strain 
using an FtsZ-EGFP translational fusion. The ability of SepF to dimerize and interact 
with FtsZ and FtsZ(F397A) was tested by a bacterial two-hybrid analysis and 
sedimentation assay, respectively. Lastly, in vitro sedimentation assays were used to 
compare the basic biochemical properties of FtsZ and the nonfunctional FtsZ(F397A) 
variant.  
MATERIALS AND METHODS 
Bacterial strains, media, and growth conditions 
E. coli and S. coelicolor strains used in this study are listed in Table 2.1 and Table 
2.2, respectively. LB, SOB, and SOC media (Sambrook et al., 1989) were used to culture 
E. coli strains and were supplemented with ampicillin (100 μg ml-1), apramycin (50 μg 
ml-1), carbenicillin (100 μg ml-1), chloramphenicol (25 μg ml-1), or kanamycin (50 μg 
ml-1) when appropriate. TG1 and TOP10 were used for basic plasmid propagation. E. coli 
strains were grown at 37°C, except BT340 and BW25113/pIJ790, which were grown at 
30°C to ensure propagation of temperature sensitive plasmids. The strain BT340 was 
grown at 42°C to induce the synthesis of the gene encoding FLP recombinase. 
S. coelicolor strains were grown at 30°C in YEME liquid medium or on minimal glucose 
(MM), R2YE, or soy flour mannitol (MS) agar (Hopwood et al., 1985; Kieser et al., 
2000). Media were supplemented with the following antibiotics when appropriate: 
apramycin (25 μg ml-1), kanamycin (160 μg ml-1), nalidixic acid (20 μg ml-1), neomycin 
(10 μg ml-1), and thiostrepton (50 μg ml-1). 
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Plasmids and general DNA techniques 
 Plasmids are listed in Table 2.3. Standard techniques were used for plasmid 
purification, creation of electrocompetent cells, and transformation (Sambrook et al., 
1989). The manufacturer’s recommendations were followed when using DNA restriction 
and modification enzymes (New England Biolabs); Taq (New England Biolabs) and Pfx 
(Invitrogen) DNA polymerases; plasmid purification and DNA cleanup kits (Qiagen and 
Zymo Research Corporation); and the genomic DNA purification kit (Promega).  
Construction of plasmids expressing FtsZ and FtsZ variants 
The sequence encoding ftsZ was amplified from pJR92 by PCR using primers 
31Z95 and 19Z95 (Table 2.4). Primer 31Z95 was paired with FtsZdel12 to generate a 
PCR product with a 3’ deletion corresponding to the removal of the last 12 amino acid 
residues (C12) and separately with ten other primers to create alanine-scanning 
mutations that individually altered the codons for last ten amino acid residues (E390-
K399). Each product was cloned into pCR2.1 (Invitrogen), liberated by EcoRI digestion, 
blunted by Klenow treatment, and digested with AscI. The AscI-EcoRI° fragment 
containing the 3’ end of ftsZ was ligated into AscI/EcoRV-digested pJR125 to place each 
allele behind the native vegetative and sporulation promoters. The 24-kb EcoRI-HindIII 
fragment of pJRM10, containing an SCP2* origin of replication and selectable marker for 
use in S. coelicolor, was ligated into each, resulting in plasmids pJR12, pJWM9, 35, 36, 
37, 38, 43, 44, 51, 52, 57, and 58. The allele of ftsZ in each construct was verified by 
sequence analysis. Plasmids were passed through ER2-1, a non-methylating strain of E. 
coli, introduced into S. coelicolor strain 2709 by protoplast transformation (Kieser et al., 
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2000), and then mated into the ftsZ-null strain HU133 via conjugation selecting for 
thiostrepton resistance and prototrophy.  
Protein extraction, SDS-PAGE, and western blot analysis 
To prepare crude S. coelicolor lysate, mycelium was harvested from strains grown 
in YEME for three days, washed three times with 10.3% sucrose, and resuspended in 
lysis buffer (0.1 M Tris, pH 8, 60 mM NaCl, 14 mM MgCl2, 6 mM -mercaptoethanol, 1 
mM PMSF). Samples were sonicated with a Model 120 Sonic Dismembrator (Fisher 
Scientific) on ice using 10 second bursts at 40% amplitude for 3 minutes and centrifuged 
at 16,000 × g for 10 minutes at 4°C. Protein concentration of the supernatant was 
determined by the Bradford assay (Pierce). Samples were fractionated on two identical 
10% SDS-PAGE gels that were either stained using Coomassie Brilliant Blue or 
transferred to a PVDF membrane for western blot analysis. FtsZ was probed with a 
1:50,000 dilution of rabbit polyclonal -FtsZ (Schwedock et al., 1997) and a 1:5,000 
dilution of an alkaline phosphatase-conjugated -rabbit IgG (Promega). Visualization 
was achieved using the BCIP/NBT color development substrate (Promega). 
Phase-contrast microscopy 
S. coelicolor strains were prepared for phase-contrast microscopy using cover slip 
lift slides (Chater, 1972), and analyzed using an Eclipse E400 microscope (Nikon) with a 
100× oil immersion lens. Images were captured using a MicroPublisher 5.0 digital 
camera (QImaging) and the associated QCapture software. Brightness and contrast of 
images were adjusted using Photoshop (Adobe). 
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Isolation of the sepF-null strain 
 The unmarked sepF strain AK33 was created using PCR-directed mutagenesis 
(Gust et al., 2002). Briefly, the primer pair oylmF59/oylmF60 was used to amplify and 
add sepF homology to an aac(3)IV disruption cassette (pIJ733). The mutagenic PCR 
product was transformed into the E. coli strain BW25113/pIJ790/C69 to create pAK23. 
This cosmid derivative lacking sepF (sepF::aac(3)IV) was transformed into BT340, 
which contains the FLP recombinase-expressing plasmid pCP20. A single transformant 
was streaked on LB without antibiotic selection and grown at 42°C overnight to remove 
the selectable marker leaving an 81 bp scar sequence (sepF::frt), resulting in cosmid 
pAK24. The vector ampicillin marker was replaced by another recombination event in 
the E. coli strain BW25113/pIJ790 with the pIJ799 cassette containing aac(3)IV and oriT 
to create pAK29, which was verified by sequence analysis and restriction enzyme 
digestion. 
 The mobilizable cosmid pAK29 was transformed into ET12567/pUZ8002 and 
introduced into the chromosome of S. coelicolor strain M145 via homologous 
recombination after conjugation. The resulting merodiploid strain AK32 
(sepF+/sepF::frt) was streaked on MS agar without antibiotic selection to encourage 
intramolecular homologous recombination between duplicate chromosomal regions. 
Candidates that had undergone this process were selected based on their sensitivity to 
apramycin and kanamycin, the two antibiotic resistance markers on the backbone of 
pAK29. Multiple candidates were identified, and one was chosen for further 
characterization. The final unmarked strain, AK33 (sepF::frt) was verified by PCR, 
sequencing, and Southern blot hybridization analysis. 
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 A genetic complementation plasmid was created by ligating the 3.1 kb 
EcoRI/HindIII fragment of pSA14 containing `ftsZ, ylmD, ylmE, sepF, and ylmG´  into 
the same sites of pBluescript II SK(+). To ensure propagation in S. coelicolor, the 24-kb 
EcoRI-BamHI fragment of the SCP2* derivative pJRM10 was also ligated into the 
construct to create pHG5.  
Creation of the SepF-EGFP expressing strain 
The SepF-EGFP expressing strain was created using PCR-directed mutagenesis 
(Gust et al., 2002). Briefly, the primers SepF-EGFP-For and SepF-EGFP-Rev2 were used 
to amplify and add sepF homology to the egfp-aac(3)IV-oriT cassette of the cosmid H24-
ParB-EGFP. The mutagenic PCR product was transformed into the E. coli strain 
BW25113/pIJ790/C69 to create pAK105. The mobilizable cosmid was transformed into 
ET12567/pUZ8002 and introduced into the chromosome of S. coelicolor strain M145 via 
homologous recombination after conjugation. Multiple candidates were identified, and 
one was chosen for further characterization. The final strain, AK40, was verified by PCR. 
Fluorescence microscopy 
S. coelicolor strains AK40, M145/pKF41, and AK33/pKF41 were prepared for 
confocal microscopy using cover slip lift slides fixed with 4% paraformaldehyde and 
analyzed using a TCS SP2 Spectral Confocal Microscope System (Leica) with a 100× oil 
immersion lens.  
Overexpression and purification of FtsZ, FtsZ(F397A), and SepF 
Creation of plasmid pKF176, containing ftsZ cloned into the overexpression 
vector pTYB1, was previously described (Wasserström et al., 2013). Cloning of the 
genes for ftsZ(F397A) and sepF (SCO2079) was performed following the instructions of 
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the IMPACT Kit (New England Biolabs). Primers pairs KF44/FtsZ(F397A)SapI and 
SepFNdel-2/SepFSapl-2 were used to add flanking NdeI and SapI restriction sites to  
ftsZ(F397A) and sepF, respectively, before being cloned into pCR2.1, digested with NdeI 
and SapI, and ligated into pTYB1. The resulting plasmids, pAK48 and pAK59, were 
verified by sequence analysis and transformed into the E. coli strain ER2566. 
  The IMPACT kit guidelines (New England Biolabs) were used for protein 
overexpression and purification of a recombinant protein without additional amino acid 
residues, with the following clarifications and modifications. After induction of protein 
expression by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG), the 0.5 L 
culture was incubated overnight at 25°C. All buffers contained 1 mM EDTA and the cell 
lysis buffer also contained 20 M phenylmethylsulfonyl fluoride (PMSF). Cells were 
lysed 4°C by thrice passing resuspended cell pellets through a French Press (Thermo 
Spectronic) at 15,000 psi. On-column cleavage occurred overnight at 25°C. The target 
protein was eluted with 20 mL column buffer, concentrated to 1 mL with a 10K Ultracel 
centrifugal filter (Millipore), and dialyzed in a 10K Slide-A-Lyzer cassette (Thermo 
Scientific) overnight at 4°C in 2 L storage buffer (50 mM HEPES pH 7.2, 0.1 mM 
EDTA, 10% glycerol). Protein concentration was determined using the BCA assay 
(Pierce). Purified samples were flash frozen with liquid nitrogen and stored at ˗80°C in 
20-25 l aliquots.   
Additional steps were performed during SepF purification to remove a 
contaminating protein suspected to be DnaK. After washing the column with 20 bed 
volumes of column buffer, the resin was incubated in 2 bed volumes of ATP-containing 
buffer (20 mM Tris-HCl, pH 8.5, 500 mM NaCl, 10 mM MgCl2, 5 mM ATP, 1 mM 
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EDTA) at 25°C for 5 minutes while rocking. The wash was collected and the process was 
repeated 2 additional times before continuing with the on-column cleavage. 
Sedimentation and pull-down assays 
 FtsZ or FtsZ(F397A) was diluted to a concentration of 1-10 M in polymerization 
buffer (50 mM MES, pH 6.5, 100 mM KCl, 5 mM MgCl2) in the presence or absence of 
12 M SepF. Polymerization was initiated by adding GTP to a final concentration of 0.1-
1 mM. The 50 L reaction was immediately centrifuged at 25°C for 10-15 minutes at 
300,000 × g. The supernatant was removed and the pellet was resuspended in 2× 
Laemmli buffer, fractionated on a 10% polyacrylamide gel, and stained using Coomassie 
Brilliant Blue. Changes to the composition and pH of the polymerization buffer are noted 
in the text.  
All gels were scanned using a GS-800 densitometer (Bio-Rad) and the digital 
images were analyzed using the associated Quantity One 1-D analysis software.  Lanes 
6.413 mm in width were selected and the background of the stained gel was removed. 
Bands were detected using a sensitivity of 130, and the trace quantity (intensity × mm) of 
each was determined. These values were compared to a reaction that did not receive GTP 
to subtract the background of nonfunctional aggregate protein found in the pellet fraction 
and another containing the total amount of protein in each reaction to calculate percent 
polymerized protein.  
Bacterial two-hybrid and -galactosidase assays 
 Constructs were created following the previously described protocol (Karimova et 
al., 1998). Briefly, primer pairs FtsZKpnFwd/ FtsZKpnRev and SepFKpnFwd/ 
SepFKpnRev were used to amplify and add flanking Acc65I restriction sites to ftsZ and 
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sepF, respectively. Products were cloned into pCR2.1, digested with Acc65I, and ligated 
into pUT18C or pKT25, respectively. The reading frame of each construct was verified 
by sequence analysis and then cotransformed into the E. coli strain BTH101. To visualize 
possible protein-protein interactions, 2 L of an overnight culture was spotted onto 
MacConkey agar containing 1% maltose, 0.5 mM IPTG, ampicillin (100 μg ml-1), and 
kanamycin (50 μg ml-1) and incubated overnight at 30°C.   
 The -galactosidase assay was performed following manufacturer’s 
recommendations (Euromedex) with the following modifications and clarifications. 
Strains to be assayed were grown with selection in 3 mL LB in the presence of 0.5 mM 
IPTG overnight at 37°C. The culture was diluted 1:5 to a final volume of 2.5 mL with 
M63 medium (Miller, 1972) supplemented with maltose and 1 mL was removed to record 
the optical density at 600 nm. The remaining 1.5 mL was treated with 20 L toluene and 
20 L of 0.1% SDS. The tubes were lightly plugged with cotton, briefly vortexed, and 
incubated at 37°C with agitation for 40 minutes. The permeablized cells were diluted 
1:10 with PM2 buffer (70 mM Na2HPO4, 30 mM NaH2PO4, 1 mM MgSO4, 0.2 mM 
MnSO4, 100 mM -mercaptoethanol) to a volume of 1 mL and incubated at 28°C for five 
minutes. The reaction was initiated with 250 L ortho-nitrophenyl-β-galactoside (ONPG) 
substrate solution (4 mg  ml-1 ONPG in PM2 medium without -mercaptoethanol) and 
incubated an additional five minutes at 28°C before stopping the reaction with the 
addition of 500 L 1 M Na2CO3. The optical density at 420 nm and 600 nm were 
recorded for each sample and the enzymatic activity (units mg-1 dry weight bacteria) was 
calculated. The negative control was similarly induced strain BTH101 containing pT25 
and pT18. 
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RESULTS 
The C-terminal tip of S. coelicolor FtsZ is essential for vegetative and development-
associated cell division 
 The C-terminal tip (CTT) of FtsZ in most bacteria has been shown to contain 
short highly conserved and variable regions (Figure 2.1). The conserved portion of the 
CTT contains amino acid residues that are important for interactions with a number of 
proteins which help to stabilize and tether the Z-ring to the membrane (for review, see 
Huang et al., 2013). The purpose of the variable part is less understood, but a recent study 
by Buske and Levin (2012) has shown that in B. subtilis this region is necessary for 
forming lateral interactions in vitro in the absence of modulator proteins. Replacing the 
native variable section of B. subtilis FtsZ with that of E. coli FtsZ completely abolished 
these lateral interactions (Buske and Levin, 2012). The CTT of S. coelicolor only 
contains the conserved region. Obvious homologs of many of the FtsZ-interacting 
proteins that bind to this area in other bacteria are not present in this microorganism. 
Since the complex life cycle of S. coelicolor produces aerial filaments that contain as 
many as 50-100 Z-rings, a better understanding about how Z-rings form and localize 
without the aid of known modulating proteins is needed.  
 McCormick et al. (1994) have revealed that S. coelicolor FtsZ is required for all 
division, including development-associated cell division, but not viability. To more 
completely analyze the importance of the CTT, a truncated FtsZ variant (C12) and 
alanine-scanning variants (390-399) were expressed from the native promoters on a low-
copy number vector derived from SCP2* in the ftsZ-null strain HU133 as the only source 
of FtsZ. Each variant protein was found to be stable in vivo (Figure 2.2A). In contrast, 
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two analogous E. coli variants, I374A and F377A, were unstable and significantly 
degraded in the cell (Ma and Margolin, 1999). The strain expressing FtsZ(C12) 
produced a dark blue pigment on minimal glucose agar similar to that of the ftsZ-null 
strain revealing that the CTT is necessary for vegetative cross-wall formation (Figure 
2.2B). The microscopic phenotypes of these strains were also identical, revealing that the 
CTT is also necessary for sporulation (Figure 2.2C). A more detailed analysis of this 
highly conserved region shows that L392, D393, V394, P395, F397, and L398 are 
essential for the function of the CTT (Figure 2.2B and Figure 2C). Five of these amino 
acid residues are either completely conserved among other bacterial species or are at least 
functional substitutes (Figure 2.1). The other amino acid residues, E390, E391, D396, and 
K399, were not required for division; however, strains expressing these variants produced 
irregularly shaped spores suggesting that the FtsZ variants are not completely functional 
(Figure 2.2C). FtsZ(E391A) and FtsZ(D396A) behaved similarly to variants analyzed by 
Wasserström et al. (2013): ftsZ19(Spo) (E357V and D396G) and ftsZ23(Spo) (E391V). 
Strains expressing these variant proteins produced fewer spores, many of which were 
irregularly shaped (Wasserström et al., 2013).  
Identification and phylogenetic analysis of SepF and two SepF-like proteins 
 Of the proteins in other bacteria that bind to the CTT of FtsZ, S. coelicolor has 
one SepF homolog (SCO2079) whose orthologous gene is located in the conserved 
position within the division and cell wall (dcw) gene cluster between ftsZ and divIVA. 
SepF shares 31% and 25% identity with the C-terminus of B. subtilis and Staphylococcus 
aureus SepF, respectively. We propose that SCO2079 is SepF and will refer to it as such. 
Two additional SepF-like proteins (SCO1749 and SCO5967, respectively), are encoded 
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by paralogous genes located far from the dcw cluster (Figure 2.3A). The C-terminus of 
the SepF homologs is highly conserved, and they each contain the two amino acid 
residues identified as being important for interacting with B. subtilis FtsZ: A98 and F124 
(Król et al., 2012) (Figure 2.3B). SCO1749 shares 58% identity with the last 97 amino 
acids of S. coelicolor SepF, and they are more closely related to one another than to B. 
subtilis and S. aureus SepF. SCO5967 shares 39% identity with 84 amino acids at the C-
terminus of SepF and is least similar to the others. Based on their relative similarities to 
SepF, we propose that SCO1749 be named SepF-like A (SflA) and SCO5967 be named 
SepF-like B (SflB).  
S. coelicolor has a very large genome that contains many duplicated genes; 
therefore, it is not surprising that there are two sepF-like genes. In fact, BLAST searches 
using the StrepDB Streptomyces annotation server (http://strepdb.streptomyces.org.uk) 
and the Actinomycetales Group Database (http://www.broadinstitute.org/annotation/ 
genome/streptomyces_group/MultiHome.html) revealed that at least ten other 
Streptomyces species, including S. griseus, S. scabies, and S. venezuelae, also have two 
sepF-like genes. A phylogenetic analysis revealed that SepF is under more selective 
pressure than SflA and SflB based on the lack of tree branching among the Streptomyces 
homologs (Figure 2.4). The SepF homolog is more closely related to the Firmicutes SepF 
than SflA and SflB, as judged by the branch distances from the most common ancestor, 
and it also shares the highest percent identity to the Mycobacterium species and 
Micrococcus luteus (Figure 2.4). For the purposes of this study, only SepF was 
characterized further.   
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SepF is required for sporulation  
 SepF was named because it plays a role in modulating septum synthesis in 
B. subtilis, but previous studies have shown that it is not essential for division in that 
organism (Hamoen et al., 2005; Ishikawa et al., 2006). A sepF mutant produced slightly 
elongated cells and aberrant septa (Hamoen et al., 2005; Ishikawa et al., 2006). To 
further characterize S. coelicolor sepF, a deletion-insertion mutant was isolated using 
PCR-directed mutagenesis (Gust et al., 2002). Of the 462 nucleotides within this gene, 
456 were deleted, leaving the start and stop codons flanking aac(3)IV. To ensure that 
expression of the essential downstream gene divIVA was not perturbed, the resistance 
marker was removed by FLP-mediated recombination leaving an in-frame 81 base pair 
scar sequence in place of sepF. Similar to the most severe division mutants, the unmarked 
sepF-null strain produced the large amounts of the blue pigmented antibiotic that 
surrounds colonies as halos on solid media (Figure 2.5A), which suggests that septation is 
at least dramatically reduced in vegetative filaments, and was completed blocked for 
sporulation (Figure 2.5B). These traits for the sepF-null strain are more severe than the 
ftsQ-null strain, which displayed a blue halo phenotype and had a 10 fold reduction in 
division, but similar to that of the ftsZ-null strain, which was completely blocked in all 
division (McCormick et al., 1994; McCormick and Losick, 1996). TEM analysis is 
currently being conducted to more accurately determine the division phenotype in 
vegetative hyphae. A low-copy number, genetic complementation plasmid containing a 
wildtype copy of sepF was introduced into the sepF-null strain, restoring cell division 
and normal pigment production (Figure 2.5B). This indicates that the phenotype was the 
result of the loss of sepF and not caused by a polar effect on downstream divIVA. The 
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complementation plasmid did not completely restore sporulation and also reduced the 
sporulation efficiency of the wildtype strain M145 (data not shown), which may be 
caused by the truncated ylmG´allele located on the plasmid DNA insert.  
SepF localizes to the site of septation in aerial hyphae and is necessary for proper Z-
ring formation and localization 
To determine the in vivo localization pattern of SepF, a SepF-EGFP translational 
fusion was created and expressed at the native location in the chromosome as the only 
copy of SepF. This fusion protein appears to be fully functional, for its macro- and 
microscopic phenotypes were similar to that of the wildtype strain M145. It produces a 
gray pigment associated with mature spore formation when grown on MS agar (data not 
shown). SepF-EGFP was found to localize the site of septation in aerial hyphae (Figure 
2.6). 
To better understand the function of SepF at forming septa during development-
associated cell division, FtsZ-EGPF was expressed in the sepF strain. Because FtsZ-
EGFP is not fully functional, it was expressed in conjunction with native FtsZ 
(Grantcharova et al., 2005). In the wildtype strain, FtsZ-EGFP formed evenly-spaced 
rings in the aerial hyphae (Figure 2.7A). After cytokinesis, the diffuse FtsZ-EGFP signal 
was visible within spores before protein degradation (Figure 2.7B). These data are similar 
to the immunofluorescence results previously published by Schwedock et al. (1997). On 
the other hand, Z-ring formation in the sepF-null strain was dramatically reduced 
compared to the wildtype strain. The fluorescent signals of the Z-rings observed were 
much fainter and no longer appeared to be restricted to the aerial hyphae, which can be 
identified as wide filaments with a narrow base (Figure 2.7C). Over time, aerial filament 
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formation arrested and the Z-rings disappeared (Figure 2.7D). These data suggest that 
SepF is required for division because Z-ring formation, localization, and constriction 
cannot occur properly without it.  
SepF stimulates FtsZ polymerization in vitro through an interaction at the C-
terminal tip 
It has been shown that magnesium and potassium are critical for in vitro 
polymerization of FtsZ, although the optimal concentrations can vary between 
microorganisms (Mekherjee and Lutkenhaus, 1998; White et. al., 2000). To determine 
the most favorable polymerization buffer for S. coelicolor FtsZ, sedimentation assays 
were performed to monitor in vitro polymerization. FtsZ was overexpressed and purified 
without additional amino acid residues using the same method previously described by 
Wasserström et al. (2013). FtsZ (10 M) was incubated with different buffers, and 
polymerization was initiated by the addition of 1 mM GTP. After centrifugation, the 
pellet fraction was visualized by SDS-PAGE and the amount of protein was determined 
by densitometry. Magnesium and potassium were both essential for protofilament 
formation, and the optimal concentrations, yielding the highest percentage of protein 
polymerization as judged by sedimentation, were found to be 5 mM and 100 mM, 
respectively (Figures 2.8A and 2.8B). The effect of pH was also tested, and it was 
determined that pH 6.5 and pH 7 were best for in vitro polymerization (Figure 2.8C). 
Most studies with protein from other organisms have performed sedimentation assays at 
pH 6.5; therefore, the remaining assays were also performed at pH 6.5, unless otherwise 
noted. 
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Critical concentration for polymerization was determined by performing the 
sedimentation assay with varying amounts of FtsZ. The lowest amount of FtsZ necessary 
for detectable protofilament formation was 2 M, and the critical concentration was 
determined to be 1.5 M by extrapolation of the linear regression to the x-axis (Figure 
2.8D). This value is the same as the critical concentration of E. coli FtsZ found using the 
same method (Mukherjee and Lutkenhaus, 1998). It is also comparable to the values of 2 
M and 0.94 M reported for Mycobacterium tuberculosis and S. coelicolor FtsZ, 
respectively, where the critical concentration was measured by monitoring the rate of 
GTP hydrolysis (Chen 2007; Wasserström et al., 2013).   
A modified sedimentation assay was used to attempt to demonstrate a direct 
interaction between FtsZ and SepF (Figure 2.9A). It had been previously shown that 
B. subtilis SepF precipitates as aggregates at pH <7, so the pH of the polymerization 
buffer was increased to 7.5 for this assay (Gündoğdu et al., 2011). Polymerization of FtsZ 
into protofilaments was initiated by the addition of GTP. SepF remained in the soluble 
fraction when subjected to high centrifugal force in the absence of GTP or FtsZ (Lane 1 
and 4, respectively), but sedimented when in the presence of native FtsZ protofilaments 
assembled in the presence of GTP (Lane 2). Background levels of SepF can be seen in 
each lane and are most likely composed of nonfunctional protein aggregates; however, 
approximately 4.3 times more SepF sediments with native FtsZ in the presence of GTP 
than compared to the background levels in the negative control lacking GTP (compare 
Lanes 1 and 2) and almost 2.5 times more FtsZ assembled into protofilaments recovered 
by sedimentation when in the presence of SepF than without it (compare Lanes 2 and 3). 
These data suggest that the in vitro FtsZ-SepF interaction determined by this 
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sedimentation assay is authentic. The phenylalanine residue of the CTT is very highly 
conserved and is required for the binding of FtsA, ZipA, and SepF (Haney et al., 2001; 
Król et al., 2012). We also tested the ability of the FtsZ(F397A) variant, which is unable 
to support division in vivo, to interact with SepF in vitro. Sedimentation of SepF with 
FtsZ(F397A) protofilaments (Lane 6) was negligible when compared to the negative 
control (Lane 5). These results suggest that SepF enhances FtsZ polymerization through 
an interaction at the CTT. Preliminary attempts to visualize the nature of protofilaments 
formed in the sedimentation assays by TEM were unsuccessful.  
Dimerization of SepF was detected by bacterial two-hybrid analysis 
A bacterial two-hybrid analysis was performed to determine if FtsZ and SepF 
interact (Karimova et al., 1998). The system tested utilizes the reconstruction of 
separately expressed domains of cyaA (T18 and T25) by two interacting proteins to allow 
utilization of alternative carbohydrates in a cyaA-null strain of E. coli. The N-terminus of 
FtsZ and SepF were fused to either T18 or T25 using vectors pUT18C or pKT25 
(Karimova et al., 2005), coexpressed in BTH101, and screened on MacConkey maltose 
agar. Putative interactions were further analyzed by a -galactosidase activity assay, an 
enzyme controlled by cyaA. FtsZ and SepF interacted with themselves, but not with each 
other with this assay (Figure 2.9B). To test if the fusion location interfered with the 
interaction, additional translational fusions at the C-terminus of FtsZ and SepF were 
created using vectors pUT18 and pKNT25 (Karimova et al., 2005). Analysis of these 
plasmid combinations also failed to detect an interaction between FtsZ and SepF using 
this in vivo assay (data not shown). Similarly, an FtsZ and SepF protein-protein 
interaction was not detectible using the same bacterial two-hybrid screen for S. aureus 
 56
(Steele et al., 2011). Interactions between B. subtilis FtsZ and SepF were described using 
in vivo detection via a yeast-two hybrid or detected in vitro using a pull-down assay 
(Hamoen et al., 2005; Ishikawa et al., 2006; Król et al., 2012).    
FtsZ(F397A) is able to polymerize as efficiently as native FtsZ 
SepF interacts with FtsZ protofilaments to promote bundling (Singh et al., 2008). 
To further characterize the inability of FtsZ(F397A) to bind SepF, we tested the 
capability of the FtsZ(F397A) variant to produce protofilaments in vitro. A sedimentation 
assay demonstrated that polymerization occurs as efficiently as native FtsZ (Figure 
2.10A). Different concentrations of GTP were then used to indirectly measure the ability 
of FtsZ(F397A) to bind GTP. No difference between this variant and FtsZ was observed 
(Figure 2.10B). Lastly, an indirect assay of the ability of FtsZ(F397A) to hydrolyze GTP 
was determined by measuring protofilament disassembly over time. Protofilaments of 
FtsZ and FtsZ(F397A) were both found to be stable for over four hours (Figure 2.10C). 
This slow depolymerization is similar to M. tuberculosis FtsZ protofilaments, which was 
found to be stable for more than five hours under similar conditions by 90° light 
scattering analysis (White et al., 2000). On the other hand, E. coli protofilaments 
disassembly occurred rapidly after 30 minutes and was completed by 80 minutes 
(Mukherjee and Lutkenhaus, 1998). While S. coelicolor FtsZ protofilaments are slow to 
depolymerize, comparison of the GTP hydrolysis rate suggests that S. coelicolor FtsZ 
(0.89 GTP/FtsZ min-1) is more similar to E. coli FtsZ (~4 GTP/FtsZ min-1) than 
M. tuberculosis FtsZ (~0.08 GTP/FtsZ min-1) in regards to polymerization activity (White 
et al., 2000; Chen et al., 2007; Wasserström et al., 2013). 
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DISCUSSION 
 The structure and function of FtsZ, the prokaryotic homolog of tubulin, is highly 
conserved and essential for cell division in most bacteria. A high degree of variability is 
seen, however, in the FtsZ-interacting proteins that aid Z-ring formation, stabilization, 
and localization. E. coli, B. subtilis, and C. crescentus each express shared as well as 
unique Z-ring modulators. Most of these proteins interact with FtsZ at the short 
conserved portion of the CTT, a region that remains conserved in S. coelicolor FtsZ. The 
purpose of this study was to determine if the CTT region serves the same function in 
S. coelicolor and to identify possible binding partners. The amino acid sequence 
suggested that the function would be conserved. Truncating the CTT revealed its 
importance for FtsZ function, and alanine-scanning mutagenesis revealed the essential 
amino acid residues: L392, D393, V394, P395, F397, and L398. The other amino acid 
substitutions did not prevent sporulation-associated septation, but did affect spore size 
and shape suggesting that these variants were slightly impaired. In a similar analysis in 
E. coli, FtsZ variants I374A and F377A, which correspond to the S. coelicolor FtsZ 
variants V394A and F397A, did not support division due to severe degradation observed 
by immunoblotting assays (Ma and Margolin, 1999). In contrast, none of the alanine-
scanning mutants in this study were found to be unstable in vivo. Because the 
phenylalanine residue of the CTT is almost completely conserved and the FtsZ(F397A) 
variant displayed  the strongest phenotype, with a plating efficiency as poor as the strain 
completely lacking FtsZ, it was chosen to be characterized further. The F397A variant 
was capable of polymerizing as efficiently as native FtsZ as shown by the sedimentation 
assays. Of the properties tested, the only noticeable difference between these two proteins 
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was their ability, or inability in the case of FtsZ(F397A), to bind SepF. For the proteins 
tested, these data confirm that the function of the CTT of FtsZ remains conserved for 
S. coelicolor.  
The data presented here demonstrates that SepF plays a much larger role in 
septum formation in S. coelicolor than its homolog in B. subtilis, the organism in which 
this protein has been best characterized. Perhaps the lack of additional FtsZ-interacting 
proteins, such as the B. subtilis Z-ring stabilizer ZapA, accounts for this discrepancy 
(Gueiros-Filho and Losick, 2002). In S. coelicolor, vegetative cross-wall formation is 
drastically reduced in the sepF strain, apparent by the overproduction of blue pigment 
on solid media. By comparison, a reduction of normal vegetative cross-wall formation in 
the ftsL-null (no blue halo phenotype) and ftsQ-null (blue halo phenotype) was observed 
to be twofold and tenfold less than wildtype, respectively (McCormick and Losick, 1996; 
Bennet et al., 2007). TEM results will soon demonstrate the extent of this defect in the 
sepF-null strain. The strain lacking SepF is also completely blocked for sporulation, and 
therefore it has a more severe division phenotype compared to the ftsQ strain, which can 
still occasionally form spores and make closely-spaced constrictions in aerial filaments 
(McCormick and Losick, 1996). Mutants lacking SsgA and SsgB, which are required for 
Z-ring localization, display a white colony phenotype consistent with strains that are only 
blocked in development-associated division (van Wezel et al., 2000; Sevcikova and 
Kormanec, 2003; Willemse et al., 2011). The dual role that SepF plays in cross-wall 
formation and sporulation is novel among the FtsZ-associated proteins of S. coelicolor. 
 The results of the cosedimentation assay revealed that SepF directly interacts 
with FtsZ and stimulates polymerization or bundling. This study has also shown that 
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SepF strongly interacts with itself by the bacterial two-hybrid analysis and localizes to 
the site of sporulation septa. While visualizing SepF polymers was outside the current 
scope of this investigation, it does appear to form rings in vitro (LW Hamoen, University 
of Newcastle: personal communication). Therefore, it is possible that SepF bundles FtsZ 
protofilaments similar to B. subtilis SepF (Gündoğdu et al., 2011). FtsZ rings can still 
form in vivo without SepF, but the number and fluorescent signal was dramatically 
reduced. In addition, the ladder-like structure of FtsZ-EGFP that is normally visible in 
aerial filaments was not observed. Instead, the frequency and localization of Z-rings was 
more reminiscent of the random spacing observed in substrate mycelium (Schwedock et 
al., 1997). The current model of FtsZ assembly in aerial hyphae begins with the 
formation of a basal septum at the base to create two physiologically different 
compartments (Grantcharova et al., 2005). Without SepF, this basal septum most likely 
does not form, either preventing developmentally induced FtsZ expression or allowing 
FtsZ to diffuse into the vegetative filaments. In any case, the reduction in FtsZ 
concentration would explain why fewer Z-rings formed in the sepF-null strain and those 
that did were found in both aerial and vegetative compartments. Another possibility is 
that ftsZ expression is not upregulated and the Z-rings necessary for vegetative cross-wall 
formation are appearing in ectopic places. Analysis of gene and protein expression levels 
during development is necessary to more clearly understand this phenomenon. 
It is becoming more apparent that the S. coelicolor division machinery has 
evolved to support development instead of growth and viability like those of unicellular 
bacteria. Unlike the FtsZ-associated proteins mentioned above, many of the S. coelicolor 
cell division proteins (FtsQ, DivIC [FtsB homolog], FtsL, FtsK, FtsI, and FtsW) were 
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found to be dispensable for sporulation (McCormick and Losick, 1996; Bennett et al., 
2007; Bennett et al., 2009; Dedrick et al., 2009). While these null strains were able to 
undergo development-associated division, this process was largely blocked in the ftsQ 
strain and completely blocked in the ftsL, diviC, ftsI , and ftsW strains when grown 
on the rich medium R2YE (McCormick and Losick, 1996; Bennett et al., 2007; Bennett 
et al., 2009). With only four proteins absolutely required for sporulation (FtsZ, SsgA, 
SsgB, and SepF), however, it is evident that either the known cell division proteins share 
overlapping functions or novel proteins are involved in development-associated cell 
division in S. coelicolor. 
 In the search for new cell division players, there are a few genes that warrant 
immediate consideration. There are two other sepF-like genes found in S. coelicolor (sflA 
and sflB), which may share a similar function. While a sflA::Tn5 insertion strain did not 
produce a discernible phenotype (PA Hoskisson, University of Strathclyde:  personal 
communication), purified SflA does form rings in vitro (LW Hamoen, University of 
Newcastle: personal communication). SflA and SflB may play a nonessential role in FtsZ 
polymerization or perhaps some other polymerized cytoskeletal elements. S. coelicolor 
also has homologs of three additional ylm genes, ylmD, ylmE, and ylmG (SCO2081, 
SCO2080, and SCO2078, respectively) which flank sepF (previously known as ylmF). 
This is one of the smallest ylm regions compared to other bacteria, such as B. subtilis and 
S. aureus which have eight and five ylm genes, respectively. Deletion of these additional 
genes has no effect of division in B. subtilis (Hamoen et al., 2005); however, considering 
the severe phenotype of the sepF-null strain, these genes could be more important for 
sporulation in S. coelicolor. The sepF complementation plasmid used in this study did not 
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fully restore sporulation and also reduced the sporulation efficiency of the wildtype strain 
(data not shown). This many suggest that expression of the truncated ylmG´gene on the 
plasmid DNA insert is affecting division or development. On the other hand, most 
division genes are not fully complemented. To be sure, a more detailed analysis of the 
ylm region is needed. Lastly, there have been many Actinobacteria-specific genes of 
unknown function identified that could possibly play a role in cell division as well (Gao 
et al., 2006). There are many genes within the 9.7 Mbp genome of S. coelicolor that 
remain to be explored, and it is only a matter of time before more cell division machinery 
is found.   
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Table 2.1: E. coli strains used in this study. 
Strain Genotype Reference/Source 
BT340 F- Δ(argF-lac)169 80ΔlacZ58(M15) glnV44(AS) 
λ- rfbC1 gyrA96 recA1 endA1 spoT1 thiE1 hsdR17 
/ pCP20 
Datsenko and 
Wanner 2000 
BTH101 F- cya-99 araD139 galE15 galK16 rpsL1 hsdR2 
mcrA1 mcrB1 
Euromedex 
BW25113 F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 
Δ(rhaD-rhaB)568 hsdR514 
Datsenko and 
Wanner 2000 
ER2-1 ara-14 leuB6 thi-1 fhuA31 lacY1 tsx-78 galK 
galT22 supE44 hisG4 rspL36 xyl-5 mtl-l dam-
13::Tn9 dcm6 mcrB1 mcrA / F´ proAB 
lacIqZΔM15 zzf::Tn5 
Bennett and 
McCormick 2001 
ER2566 F-  λ-  fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 
R(mcr-73::miniTn10)2 [dcm] R(zgb-210::Tn10) 
endA1 Δ(mcrC-mrr)114::IS10 
New England 
Biolabs 
ET12567 F- dam-13::Tn9 dcm-6 hsdM hsdR recF143 
zjj201::Tn10 galK2 galT22 ara-14 lacY1 xyl-5 
leuB6 thi-1 tonA31 rpsL136 hisG4 tsx-78 mtl-1 
glnV44  
MacNeil et al., 1992
TG1 supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5 (rK-mK) 
/ F´ traD36 proAB lacIqZΔM15 
Sambrook et al., 
1989 
TOP10 F- mcrA Δ(mrr-hsd RMS-mcrBC) 
80lacZΔM15ΔlacX74 deoR recA1 araD139 
Δ(araA-leu)697 galU galK 
Invitrogen 
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Table 2.2: S. coelicolor A3(2) strains used in this study. 
Strain Genotype Reference/Source 
2709 proA1 hisA1 argA1 cysD18 uraA1 strA1 SCP1− 
SCP2− 
Kieser et al., 2000 
AK32 dcw::pAK29 (homozygous: sepF−/sepF−) This study 
AK33 sepF::frt This study 
AK40 sepF-egfp This study 
HU133 ftsZ::aphI McCormick et al., 
1994 
M145 Prototroph SCP1− SCP2− Hopwood et al., 1985 
  
 69
Table 2.3: Cosmids and plasmids used in this study. 
Cosmid/Plasmid Description Reference/Source 
C69 Cosmid containing the entire S. coelicolor 
division and cell wall gene cluster 
Redenbach et al., 
1996 
H24-ParB-EGFP Source of linker and EGFP sequences Jakimowicz et al., 
2005 
pAK23 C69 derivative: ΔsepF::aac(3)IV-oriT This study 
pAK24 C69 derivative: ΔsepF::frt This study 
pAK29 C69 derivative: ΔsepF::frt Δbla::aac(3)IV-
oriT 
This study 
pAK48 ftsZ(F397A) flanked by NdeI and SapI sites 
cloned into pTYB1, FtsZ(F397A) purification 
This study 
pAK59 sepF flanked by NdeI and SapI sites cloned 
into pTYB1, SepF purification 
This study 
pAK63 ftsZ flanked by Acc65I sites cloned into 
pKT25 
This study 
pAK66 ftsZ flanked by Acc65I sites cloned into 
pUT18C 
This study 
pAK73 sepF flanked by Acc65I sites cloned into 
pKT25 
This study 
pAK76 sepF flanked by Acc65I sites cloned into 
pUT18C 
This study 
pAK105 C69 derivative: sepF-egfp-aac(3)IV-oriT This study 
pBluescript II 
SK(+) 
Cloning vector Stratagene 
pCP20 Source of FLP-recombinase, rep101ts Cherepanov and 
Wackernagel, 
1995 
pCR2.1 TA cloning vector Invitrogen 
pGH5 pJRM10 derivative expressing `ftsZ ylmD 
ylmE sepF ylmG´ 
This study 
pIJ773 pBluescript II SK(+) derivative containing 
aac(3)IV-oriT cassette flanked by frt  sites 
Gust et al., 2003 
pIJ790 -RED (gam bet exo) araC rep101ts Gust et al., 2003 
pIJ799 pBluescript II SK(+) derivative containing 
aac(3)IV-oriT cassette flanked by bla 
homologous sequences 
Gust et al., 2003 
pJA87 pJRM10 derivative containing XbaI-HindIII 
fragment of pNEB193 cloned into SpeI-
HindIII 
This study 
pJR92 1.7 Kb SmaI fragment containing ftsZ cloned 
into the SmaI site of pBluescript II SK(+) 
McCormick et al., 
1994 
pJR125 1.7 Kb SmaI fragment containing ftsZ cloned 
into the HincII site of pBluescript II SK(+) 
(opposite orientation of pJR124) 
McCormick and 
Losick, 1996 
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Table 2.3 (continued): Cosmids and plasmids used in this study. 
Cosmid/Plasmid Description Reference/Source 
pJWM9 pJRM10 derivative expressing ftsZ(C12) 
from native promoters 
This study 
pJRM10 Bifunctional cloning vector, SCP2* derived, 
low copy number in S. coelicolor 
McCormick and 
Losick, 1996 
pJRM12 pJRM10 derivative expressing ftsZ (opposite 
orientation of pJRM11) 
McCormick and 
Losick, 1996 
pJWM35 pJRM10 derivative expressing ftsZ(L392A) 
from native promoters 
This study 
pJWM36 pJRM10 derivative expressing ftsZ(D393A) 
from native promoters 
This study 
pJWM37 pJRM10 derivative expressing ftsZ(P395A) 
from native promoters 
This study 
pJWM38 pJRM10 derivative expressing ftsZ(L398A) 
from native promoters 
This study 
pJWM43 pJRM10 derivative expressing ftsZ(E391A) 
from native promoters 
This study 
pJWM44 pJRM10 derivative expressing ftsZ(F397A) 
from native promoters 
This study 
pJWM51 pJRM10 derivative expressing ftsZ(V394A) 
from native promoters 
This study 
pJWM52 pJRM10 derivative expressing ftsZ(E390A) 
from native promoters 
This study 
pJWM57 pJRM10 derivative expressing ftsZ(K399A) 
from native promoters 
This study 
pJWM58 pJRM10 derivative expressing ftsZ(D396A) 
from native promoters 
This study 
pKF41 Integrating plasmid expressing FtsZ-EGFP, 
ϕC31 att/int system 
Grantcharova et 
al., 2005 
pKF176 ftsZ flanked by NdeI and SapI sites cloned into 
pTYB1, FtsZ purification 
Wasserström et 
al., 2013 
pKNT25 Bacterial two-hybrid vector used to create a 
fusion to the N-terminus of the CyaA T25 
polypeptide 
Euromedex 
pKT25 Bacterial two-hybrid vector used to create a 
fusion to the C-terminus of the CyaA T25 
polypeptide 
Euromedex 
pNEB193 Cloning vector New England 
Biolabs 
pSA14 The 5.7 kb AscI fragment of C69 (‘ftsZ ylmD 
ylmE sepF ylmG divIVA iseS’) cloned into 
pNEB193 
This study 
pT18 Bacterial two-hybrid vector with cyaA 
fragment T18 
Karimova et al., 
1998 
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Table 2.3 (continued): Cosmids and plasmids used in this study. 
 
Cosmid/Plasmid Description Reference/Sourc
e 
pT25 Bacterial two-hybrid vector with cyaA 
fragment T25 
Karimova et al., 
1998 
pTYB1 Cloning and overexpression vector, contains 
Saccharomyces cerevisiae VMA intein and 
chitin binding domain 
New England 
Biolabs 
pUT18 Bacterial two-hybrid vector used to create a 
fusion to the N-terminus of the CyaA T18 
polypeptide 
Euromedex 
pUT18C Bacterial two-hybrid vector used to create a 
fusion to the C-terminus of the CyaA T18 
polypeptide 
Euromedex 
pUZ8002 RK2 derivative which is a nontransmissible 
helper plasmid in E. coli 
Kieser et al., 
2000 
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Table 2.4: Oligonucleotides used in this study. 
Oligonucleotide Sequencea,b Application 
19Z95 GCCGCCGAGGTTGAGCTCC Amplification of 
ftsZ 
31Z95 CGACGTGGCTAGCGCACCGCAGAACTACCT
C 
Amplification of 
ftsZ 
FtsZ(D393A) CTATCACTTCAGGAAGTCCGGCACCGCCAG
TTCCTC 
Creation of 
ftsZ(D393A) 
FtsZ(D396A) CTATCACTTCAGGAACGCCGGCACGTC Creation of 
ftsZ(D396A) 
FtsZ(E390A) CTATCACTTCAGGAAGTCCGGCACGTCCAG
TTCCGCGGCCGCGCT 
Creation of 
ftsZ(E390A) 
FtsZ(E391A) CTATCACTTCAGGAAGTCCGGCACGTCCAG
CGCCTCGGCCGCGCTG 
Creation of 
ftsZ(E391A) 
FtsZ(F397A) CTATCACTTCAGCGCGTCCGGCAC Creation of 
ftsZ(F397A) 
FtsZ(F397A)SapI GCTCTTCTGCACTTCAGCGCGTCCGGCACG
T 
Add SapI site to 
3’ end of 
ftsZ(F397A) 
FtsZ(K399A) CTATCACGCCAGGAAGTCC Creation of 
ftsZ(K399A) 
FtsZ(L392A) CTATCACTTCAGGAAGTCCGGCACGTCCGC
TTCCTCGGC 
Creation of 
ftsZ(L392A) 
FtsZ(L398A) CTATCACTTCGCGAAGTCCGGCAC Creation of 
ftsZ(L398A) 
FtsZ(P395A) CTATCACTTCAGGAAGTCCGCCACGTCCAG Creation of 
ftsZ(P395A) 
FtsZ(V394A) CTATCACTTCAGGAAGTCCGGCGCGTCCAG
TTC 
Creation of 
ftsZ(V394A) 
FtsZdel12 CTATCAGCTGTCCGAGTAGGTCCGCGAC Creation of ftsZ 
3’ deletion 
FtsZKpnFwd GGTACCTGTGGCAGCACCGCAGAAC Add KpnI site to 
5’ end of ftsZ 
FtsZKpnRev GGTACCTTCAGGAAGTCCGGCACGT Add KpnI site to 
3’ end of ftsZ 
KF44 AGGCCTTCCATATGGCAGCACCGCA Add NdeI site to 
the 5’ end of 
ftsZ(F397A) 
oylmF59 CCGGGCCCGTGTTCTTGCTCTGTACCGGTA
GTGCGTCTCATGTAGGCTGGAGCTGCTTC 
Construction of 
ΔsepF::aac(3)IV 
oylmF60 GCGGAGGACTCAGAGCATGGCCGGCGCGAT
GCGCAAGATGATTCCGGGGATCCGTCGACC 
Construction of 
ΔsepF::aac(3)IV 
SepF-EGFP-For ACAAGGCCCGTATCGCAGAGGGCGGGTTCT
TCAACCAGACGGTGCCGGGCCCGGAGCTG 
Construction of 
sepF-egfp 
a) underline – codon change; b) double underline – restriction enzyme site 
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Table 2.4 (continued): Oligonucleotides used in this study. 
Oligonucleotide Sequencea,b Application 
SepF-EGFP-Rev2 CCGGGCCCGTGTTCTTGCTCTGTACCGGTA
GTGCGTCTCACATATGTAGGCTGGAGCTGC 
Construction of 
sepF-egfp 
SepFKpnFwd GGTACCTATGGCCGGCGCGATGCGC Add KpnI site to 
5’ end of sepF 
SepFKpnRev GGTACCCTCTGGTTGAAGAACCCGC Add KpnI site to 
3’ end of sepF 
SepFNdeI-2 TAGCCCATATGGCCGGCGCGATGCGC Add NdeI site to 
5’ end of sepF 
SepFSapI-2 TACGGGCTCTTCTGCAGCTCTGGTTGAAGA
ACCCGC 
Add SapI site to 
5’ end of sepF 
a) underline – codon change; b) double underline – restriction enzyme site 
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Figure 2.2: The C-terminal tip of S. coelicolor FtsZ is required for 
development-associated cell division. 
A) FtsZ+, FtsZ truncation (C12), and alanine-scanning (390-399) variants were 
expressed as the only source of FtsZ in the ftsZ strain HU133. Cell lysates of each 
strain, including the wildtype strain M145, were prepared and analyzed by SDS-PAGE. 
Duplicate gels were stained with Coomassie Brilliant Blue (bottom) or processed for 
western blot analysis using polyclonal -FtsZ antibodies (top). Protein variants were 
stable in vivo and accumulate to the same approximate amount as the wildtype control. 
The migration of the molecular weight standard is indicated on the left. B) Macroscopic 
and C) microscopic phenotypes of the FtsZ truncation and alanine-scanning variants 
when expressed in the ftsZ strain. Functionality of the FtsZ variants was determined by 
comparison with the ftsZ strain, which produces excessive amounts of a blue pigment 
on minimal glucose agar plates (indicative of the inability to form vegetative cross-walls) 
and is unable to sporulate. The CTT (more specifically, amino acid residues L392, D394, 
V395, P395, F397, and L398) is essential for proper function of FtsZ. All strains were 
grown on minimal medium supplemented with glucose for 5 days at 30°C before image 
acquisition and phase-contrast microscopy. 
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Figure 2.3: S. coelicolor has three SepF homologs. 
A) Genetic maps showing the location of B. subtilis, S. aureus, and S. coelicolor sepF 
orthologs (SCO2079) as well as two other sepF-like paralogous genes (SCO1749 and 
SCO5967). SepF is conserved among Gram-positive bacteria, and its gene (gray arrow) is 
located in the division and cell wall (dcw) gene cluster between ftsZ and divIVA. The 
paralogous sepF-like genes of S. coelicolor are located distant from the dcw cluster. B) 
Alignment of the amino acid sequences of SepF shows that the C-terminus is the more 
highly conserved region. The two amino acid residues of SepF shown to be important for 
interacting with FtsZ in B. subtilis, A98 and F124 (boxes), are present in all proteins 
analyzed. Alignments were made using Clustal W (Larkin et al., 2007). (star – conserved 
residue, colon – conserved substitution, period – semi-conserved substitution)  
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Figure 2.4: Phylogenetic analysis of SepF and the SepF-like proteins. 
An alignment of the SepF and SepF-like proteins (SflA and SflB) of 39 Actinobacteria 
and 7 Firmicutes species was created using Clustal W (Larkin et al., 2007) and a 
phylogenic neighbor-joining tree based on the alignment was created using MEGA 5.2 
(Tamura et al., 2011). SepF, SflA, and SflB of 10 different Streptomyces species 
analyzed are noted. S. coelicolor proteins are denoted with a red star. Of these three 
proteins, SepF is under the most selective pressure as judged by the branching patterns of 
the phylogenetic tree between the Streptomyces species. Based on the branch lengths, 
Streptomyces SepF is also the most closely related to the SepF of the Firmicutes (see red 
lines).  
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Figure 2.5: S. coelicolor SepF is required for vegetative and 
development-associated cell division. 
An unmarked, in-frame deletion of sepF was isolated and characterized. A) Macroscopic 
phenotypes of the wildtype strain (M145), sepF strain (AK33), sepF complementation 
strain (AK33/pGH5), sepF strain with the empty vector (AK33/pJA87), and ftsZ strain 
(HU133) are shown. The sepF strain has a blue halo phenotype similar to the ftsZ 
strain, characteristic of a defect in vegetative cross-wall formation. B) Representative 
aerial hyphae of the wildtype strain M145, sepF strain, and the sepF complementation 
strain are show. SepF is required for development-associated cell division. Strains were 
grown on minimal medium supplemented with glucose for 5 days at 30°C before image 
acquisition and phase-contrast microscopy. 
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Figure 2.7: FtsZ does not form Z-rings with the same frequency or 
pattern in the sepF-null strain.  
FtsZ-EGFP expression in representative wildtype aerial hyphae and filaments from the 
sepF-null strain are shown in epifluorescent and phase-contrast images. A) Predivisional 
compartments of the wildtype M145 strain display evenly-spaced Z-rings (left). B) Over 
time, sporulation is observed (right) and, in the case of some aerial hyphae, a diffuse 
FtsZ-EGFP signal is visible (left). C) The sepF-null strain produces FtsZ-EGFP foci 
(left), but the fluorescent signal is weak and the spatial localization is more similar to 
what is observed in vegetative filaments. D) Over time the fluorescent signal (left) in the 
sepF-null dissipates, but membrane constrictions are not observed (right). Arrows point 
to possible aerial hyphae. Both strains were grown on minimal medium supplemented 
with glucose for 35-40 hours at 30°C. (Scale bar = 5 m) 
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Figure 2.9: Analysis of SepF protein-protein interactions. 
A) SepF (12 M) sedimentation was assayed in the presence and absence of FtsZ (10 
M) and GTP (2 mM). After centrifugation at 300,000 ×g, the pellet fraction was 
analyzed by SDS-PAGE and densitometry. Background protein levels can be seen in 
lanes without GTP (Lanes 1 and 5). SepF sediments when in the presence of native FtsZ 
and GTP (Lane 2) and improves the yield of polymerized FtsZ (Lanes 2 and 3). 
FtsZ(F397A) was able to polymerize (Lane 7), but SepF was unable to stimulate 
FtsZ(F397A) polymerization under the same conditions (Lane 6). These results suggest 
that SepF interacts with FtsZ at the C-terminal tip. SepF was unable to polymerize 
without FtsZ in this assay (Lanes 4 and 8). B) Bacterial two-hybrid analysis of SepF and 
FtsZ. Numeric values represent units of a -galactosidase activity assay performed on 
three independent isolates of each strain. Strains were spotted on MacConkey maltose 
agar supplemented with 0.5 mM IPTG and incubated overnight at 30°C. The phenotype 
of a representative spot is pictured. The red and white pigment of the spots indicates a 
protein-protein interaction and no interaction, respectively.
 89
 
 90
Figure 2.10: FtsZ(F397A) is able to polymerize as efficiently as FtsZ in 
vitro. 
Sedimentation assays using the optimal conditions determined in Figure 2.8 were used to 
test the ability of FtsZ(F397A) to A) polymerize, B) bind GTP, and C) hydrolyze GTP in 
vitro. No overt difference was observed for FtsZ(F397A) compared to native FtsZ. 
Polymerization of 10 M FtsZ was initiated by the addition of 1 mM GTP (A), 0.01-0.5 
mM GTP (B), and GTP (C).  Percent polymerized FtsZ was calculated by immediately 
centrifuging samples (A and B) or incubating reactions at room temperature for 1-245 
minutes before centrifugating samples (C) at 300,000 ×g and analyzing the amount of 
protein in the pellet fractions by SDS-PAGE and densitometry. These experiments were 
repeated numerous times with independent protein preparations, and the result of one 
representative trial, performed in triplicate, is shown. Standard error is denoted by bars.  
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Chapter 3: FtsE, FtsX, and SlzA are not required for 
development-associated cell division in 
Streptomyces coelicolor 
A.M. Kotun, C.A. Guerrero, and J.R. McCormick 
ABSTRACT 
In Escherichia coli, FtsZ requires many nonessential proteins for the proper 
formation and stability of one centrally positioned Z-ring in a rod-shaped cell. 
Streptomyces coelicolor produces numerous, evenly-spaced Z-rings during development-
associated cell division within long aerial hyphae. To date, only three proteins have been 
identified that aid Z-ring localization and function in S. coelicolor, SsgA, SsgB, and 
SepF. In this study, FtsE, FtsX, and SlzA were analyzed to determine their function 
during development-associated cell division. FtsE and FtsX homologs were identified by 
the Streptomyces annotation server. The corresponding genes were deleted by PCR-
directed mutagenesis and found to be dispensable for viability and sporulation. FtsE and 
FtsX did not interact with themselves, each other, or FtsZ in the bacterial two-hybrid 
assay. Immediately upstream of the gene for smc is small leucine zipper protein A (slzA), 
which encodes a 69 amino acid coiled-coil protein with a leucine zipper motif. The 
location of this gene suggested a possible role in segregation, while the structure of the 
protein could be analogous to E. coli ZapB. A slzA-null strain was isolated and found to 
be viable. The slzA strain was also able to undergo sporulation. Consistent with the 
predication that it is a leucine zipper protein, SlzA strongly interacted with itself, but like 
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ZapB it did not interact with FtsZ. None of these proteins are required for development-
associated cell division, and no further evidence has been found to suggest they interact 
with FtsZ to aid in Z-ring stabilization.  
INTRODUCTION 
FtsZ, the prokaryotic homolog of tubulin, is the first protein to localize to midcell 
in unicellular bacteria, where it polymerizes in a GTP-dependent manner to form the Z-
ring (Bi and Lutkenhaus, 1991; de Boer et al., 1992; Mukherjee et al., 1993). 
Protofilaments are loosely bundled together by non-uniform lateral interactions to form a 
helical structure along the length of the cell, which is reorganized over time to form one 
Z-ring at midcell (Michie et al., 2006; Fu et al., 2010). Stability of the Z-ring is 
accomplished by a number of FtsZ-interacting proteins, most of which bind to the highly 
conserved C-terminal tip, and are dispensable for division and viability (for review, see 
Huang et al., 2013).  
In E. coli, the ATP-binding cassette (ABC) transporter FtsEX was found to be 
required for the stability of the Z-ring under conditions of low salt and low osmotic 
strength (Reddy, 2007). This protein complex localizes to midcell in an FtsZ-, FtsA-, and 
ZipA-dependent manner where it forms a tetrameric complex, directly interacts with 
FtsZ, and recruits downstream cell division proteins (de Leeuw et al., 1999; Schmidt et 
al., 2004; Corbin et al., 2007). FtsE forms the cytoplasmic, nucleotide-binding domain 
and FtsX comprises the hydrophobic, membrane-spanning region that presumably form a 
channel; however, FtsX does not appear to have charged residues within the 
transmembrane channel making salt or ion transport unlikely (Ardens et al., 2009). 
Subsequently, Yang et al. (2011) reported that FtsEX is necessary for cell wall hydrolysis 
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at the site of division. The proposed model is that ATP hydrolysis performed by FtsE 
causes a conformational change in FtsX, which is transmitted to EnvC for activation of 
the amidases (Yang et al., 2011). This model is supported by evidence that lesions within 
the ATP-binding site of FtsE prevent proper division (Arends et al., 2009). In B. subtilis, 
FtsEX is required for the activation of another peptidoglycan hydrolase, ClwO (Meisner 
et al., 2013). 
In addition to its role in cell wall remodeling, Garti-Levi et al. (2008) found that 
FtsEX has another function for B. subtilis. During vegetative growth, cells lacking FtsEX 
displayed a mild phenotype, appearing wider than wild type cells and curved in shape. 
When the mutant strain was grown under sporulation conditions they discovered that 
FtsEX was required for positioning the polar septa at the proper time. Sporulation 
eventually happens, but an extra round of medial division occurs during a delay period 
leading to the production of smaller spores. Through bypassing the normal steps of 
Spo0A in the ftsEX mutant strain, they concluded that the ABC transporter acts to import 
a sporulation signal that is required for induction of the phosphorelay and Spo0A 
activation. Without this signal, cells must wait for input from parallel pathways before 
sporulation can be achieved (Garti-Levi et al., 2008).  
Another group of nonessential FtsZ-associated proteins are ZapA, -B, -C, and -D 
(Gueiros-Filho and Losick, 2002; Johnson et al., 2004; Ebersbach et al., 2008; Durand-
Heredia et al., 2011; Hale et al., 2011; Durand-Heredia et al., 2012). While each of these 
small, cytoplasmic proteins contributes to the overall stability of FtsZ protofilaments in 
E. coli, they do not share any primary sequence identity with one another and only ZapA 
is widely conserved among other bacteria. With the exception of ZapB, which requires 
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ZapA for its recruitment to midcell, each of these other proteins directly interacts with 
FtsZ to promote FtsZ polymer bundling, stabilize longitudinal interactions, and prevent 
GTP hydrolysis; however, the lost of function mutations only produce a mild division 
phenotype (Gueiros-Filho and Losick, 2002; Small et al., 2007; Galli and Gerdes, 2010; 
Durand-Heredia et al., 2011; Hale et al., 2011; Durand-Heredia et al., 2012). ZapB, 
ZapC, and ZapD overexpression interferes with cell division, leading to cell 
filamentation, which suggests these proteins are required for proper modulation of Z-ring 
assembly (Ebersbach et al., 2008; Durand-Heredia et al., 2011; Hale et al., 2011; 
Durand-Heredia et al., 2012).  
The Gram-positive, soil bacterium Streptomyces coelicolor grows by tip extension 
to create a mycelium similar to that of filamentous fungi (for review, see Flärdh et al., 
2012). Development-associated cell division (i.e., sporulation) occurs in the reproductive 
aerial filaments and is regulated by a complex network of transcription factors (for 
reviews, see McCormick, 2009; McCormick and Flärdh, 2012). Expression of 
developmental FtsZ increases during this time, leading to polymerization of FtsZ and the 
formation of a helical structure that spans the entire length of each aerial hypha 
(Grantcharova et al., 2005). After a remodeling event, this helix is converted into up to 
50-100 evenly-spaced Z-rings (Schwedock et al., 1997; Grantcharova et al., 2005). As 
the Z-rings synchronously constrict, uninucleoid compartments are formed that later 
mature into spores.  
To date, only three FtsZ-interacting proteins have been found that are required for 
sporulation. Willemse et al. (2011) have shown that SsgA and SsgB are required for Z-
ring localization in aerial hyphae. They interact with one another and localize to the 
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future sites of division where SsgB actively recruits and tethers FtsZ to the membrane 
through an interaction with the N-terminal domain (Willemse et al., 2011). SepF is 
required for sporulation and cross-wall formation in vegetative hyphae, but serves a 
different function. Kotun et al. (Chapter 2) have shown that SepF aids FtsZ 
polymerization in vitro most likely through an interaction at the C-terminal tip. While Z-
rings can form in vivo without SepF, fewer Z-rings are observed and constrictions within 
the membrane were not observed. These data are consistent with the interpretation that 
SepF is required for Z-ring stability and possibly restructuring of the Z-ring during 
cytokinesis (Kotun et al., Chapter 2). 
The goal of this study was to analyze additional putative FtsZ-interacting proteins 
to better understand how the Z-ring is formed, stabilized, and restructured during 
development-associated cell division in a filamentous bacterium. Three proteins were 
identified and characterized: FtsE, FtsX, and SlzA. Strains deleted for the corresponding 
genes were all viable and able to sporulate, although the slzA mutant had a mild 
development defect. A bacterial two-hybrid was used to identify possible protein-protein 
interactions. FtsE and FtsX did not interact with each other or FtsZ in this assay and SlzA 
only interacted with itself. While none of these proteins are essential for sporulation, 
there is no evidence that they function as FtsZ-interacting proteins. 
MATERIALS AND METHODS 
Bacterial strains, media, and growth conditions 
E. coli and S. coelicolor strains used in this study are listed in Table 3.1 and Table 
3.2, respectively. LB, SOB, and SOC media (Sambrook et al., 1989) were used to culture 
E. coli strains and were supplemented with ampicillin (100 μg ml-1), apramycin (100 μg 
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ml-1), carbenicillin (100 μg ml-1), chloramphenicol (25 μg ml-1), or kanamycin (50 μg 
ml-1) when appropriate. TG1 and TOP10 were used for basic plasmid propagation. E. coli 
strains were grown at 37°C, except BT340 and BW25113/pIJ790, which were grown at 
30°C to ensure propagation of temperature sensitive plasmids. When appropriate, BT340 
was grown at 42°C to induce the FLP recombinase gene. S. coelicolor strains were grown 
at 30°C in YEME liquid medium or on minimal glucose (MM), R2YE, or soy flour 
mannitol (MS) agar (Hopwood et al., 1985; Kieser et al., 2000).  Culture media were 
supplemented with the following antibiotics when appropriate: apramycin (25 μg ml-1), 
kanamycin (160 μg ml-1), or nalidixic acid (20 μg ml-1). 
Plasmids and general DNA techniques 
 Plasmids are listed in Table 3.3. Standard techniques were used for plasmid 
purification, the creation of electrocompetent cells, and for transformation (Sambrook et 
al., 1989). The manufacturer’s recommendations were followed when using DNA 
restriction and modification enzymes (New England Biolabs); Taq (New England 
Biolabs) and Pfx (Invitrogen) DNA polymerases; plasmid purification and DNA cleanup 
kits (Qiagen and Zymo Research Corporation); and the genomic DNA purification kit 
(Promega).  
Isolation of the ftsE-, ftsX-, ftsEX-, and slzA-null strains 
 Apramycin marked ftsE, ftsX, ftsEX, and slzA strains were created using 
PCR-directed mutagenesis (Gust et al., 2002). The primer pairs ftsE59/ftsE60, 
ftsX59/ftsX60, and ZapB59/ZapB60 were used to add ftsE, ftsX, and slzA homology, 
respectively, to the pIJ773 (aac(3)IV-oriT) disruption cassette. Because ftsE and ftsX are 
adjacent to one another, the primer pair ftsE60/ftsX59 was used to create the ftsEX 
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strain. Each mutagenic PCR product was transformed into the E. coli strain 
BW25113/pIJ790 containing cosmid StE59 or St7A1. The mutation bearing mobilizable 
cosmid derivatives pAK25, 26, 28, and pCG1 were transformed into ET12567/pUZ8002 
and introduced into the S. coelicolor strain M145 chromosome via homologous 
recombination after conjugation. The resulting strains AK28 (ftsEX), AK29 (ftsX), 
AK30 (ftsE), and AK34 (slzA) were verified by PCR and Southern blot hybridization 
analysis. The slzA complementation plasmid pHW35, expressing slzA and smc, was 
previously described (Dedrick et al., 2009). 
To create the unmarked ftsE::frt strain that would presumably not have a polar 
effect on ftsX expression, the cosmid derivative pAK30 (ftsE::aac(3)IV) was 
transformed into BT340, which contains the FLP recombinase-expressing plasmid 
pCP20. A single transformant was streaked on LB without antibiotic selection and grown 
at 42°C overnight to remove the selectable marker leaving an 81 bp scar sequence 
(ftsE::frt) that was verified by sequence analysis. The ampicillin marker in the cosmid 
backbone was replaced by another recombination event in the E. coli strain 
BW25113/pIJ790 with the pIJ799 cassette containing aac(3)IV-oriT to create pAK101. 
The mobilizable cosmid was verified by sequence analysis, transformed into 
ET12567/pUZ8002, and introduced into the S. coelicolor strain M145 chromosome via 
homologous recombination after conjugation. The resulting merodiploid strain 
(ftsE+/ftsE::frt) was streaked on MS agar without antibiotic selection to allow 
intramolecular homologous recombination between duplicate division and cell wall gene 
clusters. Candidates that had undergone this process were selected based on their 
sensitivity to apramycin and kanamycin, the antibiotic resistance markers on the 
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backbone of pAK101. The final unmarked strain, AK39 (ftsE::frt) was verified by PCR, 
sequencing, and Southern blot hybridization analysis. 
Phase-contrast microscopy 
S. coelicolor strains were prepared for phase-contrast microscopy using cover slip 
lift slides (Chater, 1972), and analyzed using an Eclipse E400 microscope (Nikon) with a 
100× oil immersion lens. Images were captured using a MicroPublisher 5.0 digital 
camera (QImaging) and the associated QCapture software. Brightness and contrast of 
images were adjusted using Photoshop (Adobe).  
Bacterial two-hybrid and -galactosidase assays 
 Constructs were created following the previously described protocol (Karimova et 
al., 1998). Briefly, primer pairs FtsEKpnF/FtsEKpnR, FtsXKpnF/FtsXKpnR, and 
SlzAKpnF/SlzAKpnR were used to amplify and add flanking Acc65I restriction sites to 
ftsE, ftsX, and slzA, respectively. To test if FtsE, FtsX, or SlzA could interact with FtsZ, 
primer pairs FtsZKpnFwd/FtsZKpnRev, FtsZKpnFwd/FtsZKpnStopRev2, 
FtsZLCKpnF/FtsZKpnStopRev2, and FtsZC12KpnF2/FtsZKpnStopRev2 were used to 
amplify and add flanking Acc65I restriction sites to ftsZ (with and without the native stop 
codon), the ftsZ linker and C-terminal tip region, and the ftsZ C-terminal tip region, 
respectively. Products were cloned into pCR2.1, digested with Acc65I, and ligated into 
pKT25, pKNT25, pUT18, or pUT18C (Euromedex). All constructs were verified by 
sequence analysis and then cotransformed into the E. coli strain BTH101. To visualize 
possible interactions, colonies were patched or 2 L of a overnight cultures were spotted 
onto MacConkey maltose agar containing  0.5 mM IPTG, ampicillin (100 μg ml-1), and 
kanamycin (50 μg ml-1) and incubated overnight at 30°C. The negative control was strain 
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BTH101 expressing pT25 and pT18, and the positive control with strain BTH101 
expressing pT25-zip and pT18-zip. 
 The -galactosidase assay was performed following manufacturer’s 
recommendations (Euromedex) with the following modifications and clarifications. 
Strains to be assayed were grown with selection in 3 mL LB in the presence of 0.5 mM 
IPTG overnight at 37°C. The culture was diluted 1:5 to a final volume of 2.5 mL with 
M63 medium (Miller, 1972) supplemented with maltose and 1 mL was removed to record 
the optical density at 600 nm. The remaining 1.5 mL was treated with 20 L toluene and 
20 L of 0.1% SDS. The tubes were lightly plugged with cotton, briefly vortexed, and 
incubated at 37°C with agitation for 40 minutes. The permeablized cells were diluted 
1:10 with PM2 buffer (70 mM Na2HPO4, 30 mM NaH2PO4, 1 mM MgSO4, 0.2 mM 
MnSO4, 100 mM -mercaptoethanol) to a volume of 1 mL and incubated at 28°C for five 
minutes. The reaction was initiated with 250 L ortho-nitrophenyl-β-galactoside (ONPG) 
substrate solution (4 mg  ml-1 ONPG in PM2 medium without -mercaptoethanol) and 
incubated an additional five minutes at 28°C before stopping the reaction with the 
addition of 500 L 1 M Na2CO3. The optical density at 420 nm and 600 nm were 
recorded for each sample and the enzymatic activity (units mg-1 dry weight bacteria) was 
calculated. The negative control was similarly induced strain BTH101 containing pT25 
and pT18. 
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RESULTS 
Identification of putative FtsZ-interacting proteins 
 Many proteins are required for the formation and stability of the Z-ring in E. coli: 
FtsA, ZipA, ZapA, -B, -C, -D, and FtsEX. FtsA and ZipA localize to the midcell after 
FtsZ where they anchor the Z-ring to the cell membrane (Pichoff and Lutkenhaus, 2002). 
Other nonessential factors help modulate FtsZ polymer dynamics. S. coelicolor lacks 
many of these proteins (FtsA, ZipA, ZapA, -B, -C, and -D), while the function of others 
(FtsE and FtsX) had yet to be determined. Currently, three FtsZ-interacting proteins 
essential for division in aerial hyphae have been identified and characterized: SsgA, 
SsgB, and SepF. SsgA and SsgB localize FtsZ rings to the membrane and SepF 
stimulates FtsZ polymerization (Willemse et al., 2011; Kotun et al., Chapter 2). Of 
interest in this study are the homologs of FtsE and FtsX, which are required for the 
stability of the Z-ring in E. coli, and SlzA, the possible analog of ZapB that stimulates Z-
ring formation in E. coli (Reddy, 2007; Ebersbach et al., 2008).  
The S. coelicolor homologs of FtsE and FtsX are encoded by SCO2969 and 
SCO2968, respectively. S. coelicolor FtsE (229 amino acids) shares 50% identity to the 
first 216 amino acids of E. coli FtsE and 54% to the first 226 amino acids of B. subtilis 
FtsE. The Walker A and Walker B motifs that are common among ATP-binding proteins 
are conserved in all three species (Figure 3.1A). S. coelicolor FtsX (305 amino acids) is 
less conserved, sharing 24% identity with 236 amino acids of E. coli FtsX and 26% 
identity with 299 amino acids of B. subtilis FtsX. The structure of FtsX is predicted to 
have four transmembrane segments, none of which contain charged amino acid residues 
typical of enzymes that transport ions (Figure 3.1B).  
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While searching for other possible FtsZ-associated proteins, a novel, non-
annotated open reading frame (60744251-60744636) was discovered upstream of the 
DNA segregation and condensation gene smc. The small 69 amino acid protein product is 
predicted to form a leucine zipper tertiary structure (Figure 3.2A), and therefore this gene 
was named small leucine zipper protein A (slzA) (SCO5576a). Because of its size and 
structure, it was considered to be a possible candidate for an analog of E. coli ZapB. This 
protein is highly conserved among Streptomyces species (Figure 3.2B) as well as other 
Actinobacteria (Figure 3.2C), but is not found in bacteria outside of the Actinobacteria. 
Its genetic location adjacent to smc is also always conserved. 
Characterization of the ftsE, ftsX, ftsEX, and slzA strains 
To analyze the function of the putative FtsZ-associated proteins of S. coelicolor, 
deletion-insertion mutants was created using PCR-directed mutagenesis (Gust et al., 
2002). To ensure that expression of ftsX was not perturbed, two ftsE strains were 
created. One mutant contained a resistance marker, and the other had the resistance 
marker removed by FLP-mediated recombination leaving an unmarked, in-frame 81 base 
pair scar. Since ftsE and ftsX are neighboring genes, a double ftsEX mutant was also 
constructed and readily isolated. The ftsE, ftsX, and ftsEX strains had macroscopic 
phenotypes similar to that of the wildtype strain (Figure 3.3). No difference was observed 
between the ftsE::aac(3)IV strain and the ftsE::frt strains; therefore, the apramycin 
resistance marked strain was used in all subsequent analyses. Phase-contrast microscopy 
revealed that all of the mutant strains were able to sporulate and that the spores were 
similar to wildtype in regards to size and shape (Figure 3.4A). Noens (2007) separately 
characterized a different ftsX strain and found that the lack of FtsX had no effect on Z-
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ring localization or DNA condensation and segregation. While Noens (2007) had difficult 
isolating ftsE and ftsX mutants, our ftsE, ftsX, and ftsEX strains were readily isolated. 
In contrast, the slzA-null strain exhibited a white colony phenotype on MS agar indicative 
of a defect in spore maturation (Figure 3.3B); however, the mutant strain was able to 
sporulate (Figure 3.4B). A complementation plasmid expressing slzA and smc was 
introduced into the slzA strain, but the resulting isolates also had the white colony 
phenotype (data not shown). In any event, the data indicate that these proteins are not 
required for proper development-associated cell division. 
Bacterial two-hybrid analyses 
 In E. coli, FtsE, ZapA, -C, and –D have all been shown to directly interact with 
FtsZ (Gueiros-Filho and Losick, 2002; Corbin et al., 2007; Durand-Heredia et al., 2011; 
Hale et al., 2011; Durand-Heredia et al., 2012). A bacterial two-hybrid analysis was used 
to determine if any of the putative FtsZ-associated proteins of S. coelicolor interacted 
with themselves, each other, or FtsZ (Karimova et al., 2001; Karimova et al., 2005). This 
system utilizes the reconstruction of separately expressed domains of cyaA (T18 and T25) 
by two interacting proteins to allow fermentation of a cyaA-null strain of E. coli. Each 
gene of interest was cloned into four different vectors, allowing the N- and C-terminal of 
each protein to be fused to the T18 and T25 portion of CyaA. In the case of FtsZ, the C-
terminal tip is frequently the site of protein interaction; therefore, three variants were 
analyzed in this assay: the native full length protein, a truncated variant containing the 
variable linker region and the C-terminal tip, and only the C-terminal tip.  
When FtsE- and FtsX-CyaA fusions were coexpressed with each other and 
screened for an interaction, none were observed (Figure 3.7A). A similar finding was 
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discovered when these two proteins were coexpressed with native FtsZ (Figure 3.7B). 
FtsX was found to interact with FtsA and FtsQ using the same bacterial two hybrid assay; 
however, FtsE was not included in the analysis (Karimova et al., 2005). An interaction 
between E. coli FtsZ and FtsE was demonstrated by coimmunoprecipitation (Corbin et 
al., 2007). Likewise, SlzA did not interact with native FtsZ or the two truncated FtsZ 
variants (Figure 3.8A), but was able to strongly interact with itself (Figure 3.8B). The 
location of the CyaA fusion to SlzA did not seem to have an effect on this interaction as 
all combinations of the vectors yielded a positive result. A -galactosidase activity assay 
performed on the SlzA-T18/SlzA-T25 coexpression strain verified this strong interaction 
(1100 ±109 units/mg), which was larger than the interaction of FtsZ-T18/FtsZ-T25 (276 
±120) and comparable to the interaction of SepF-T18/SepF-T25 (1290 ± 173) and the 
positive control (1197) (Kotun et al., Chapter 2). While these data revealed no 
interactions with FtsZ, it is not enough to conclusively state that these proteins do not 
associate with the Z-ring. Noens (2007) has shown by immunofluorescence using E. coli 
antibodies that FtsE localizes to the site of septation in aerial hyphae, which at least 
indicates that FtsE, and most likely FtsX, function at the site of development-associated 
cell division or at the poles of prespore compartments in S. coelicolor.  
DISCUSSION 
In E. coli, FtsZ requires many interacting proteins to function properly during 
division. While some of these proteins are essential for viability, many are not. These 
nonessential proteins nevertheless play an important role in the formation and 
stabilization of the Z-ring. Since S. coelicolor produces up to 50-100 Z-rings within each 
aerial hypha while simultaneously organizing genome segregation, it only stands to 
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reason that many interacting proteins are required for the proper formation, localization, 
and restructuring of the FtsZ protofilaments. The purpose of this study was to analyze 
three putative FtsZ-interacting proteins: FtsE, FtsX, and SlzA. 
The ftsE-, ftsX-, and ftsEX-null strains were all viable and able to sporulate. 
Another study has shown that the lack of FtsX also has no effect on Z-ring formation or 
DNA condensation and segregation (Noens, 2007). In E. coli, the filamentous phenotype 
of the ftsEX mutant was only detectable under low-salt conditions (Schmidt et al., 2004). 
No such phenotype was observed when the ftsE, ftsX, and ftsEX strains were grown 
on MS or minimal glucose (data not show) agar. Because the ftsL-, divIC-, ftsW-, and ftsI-
null strains were defective for division when grown on the nutrient-rich, osmotically 
enhanced medium R2YE (Bennett et al., 2007; Bennett et al., 2009), the strains lacking 
FtsE and FtsX were also tested for this medium-dependent phenotype. Sporulation 
occurred in each strain, albeit poorly, producing undeveloped aerial filaments as well as 
spores of various shapes and sizes (data not shown). The wildtype strain M145 also 
appeared to have difficultly sporulating at the time of this experiment (data not shown); 
therefore, observation needs to be repeated before definitive conclusions can be drawn. 
Unfortunately, the lack of a discernible phenotype makes it difficult to determine 
the role of these proteins. More than likely, there are other factors with redundant 
function and a phenotype may only be evident if combined with other mutations. 
Although not tested, it is likely that the ATPase activity of FtsE is important because the 
Walker A and Walker B motifs have remained conserved. The four transmembrane-
spanning regions typical of FtsX are also present, suggesting that it is capable of forming 
a channel. While the bacterial two-hybrid assay did not reveal any interactions between 
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FtsE and FtsX, the possibility that these proteins can form a functional ABC transporter 
cannot be ruled out. A lack of charged amino acid residues with the membrane-spanning 
regions of FtsX, however, suggests this channel would not be used to transport salt or 
ions. While the E. coli ftsEX-null mutants displayed a salt-remedial phenotype, Schmidt 
et al. (2004) believe that the combination of ionic conditions and the lack of FtsEX 
produced a synergistic effect that prevents septal ring formation. The bacterial two-hybrid 
analysis also failed to find interactions between these proteins and FtsZ. An interaction 
between E. coli FtsZ-FtsE has previously been demonstrated by coimmunoprecipitation 
(Corbin et al., 2007) and S. coelicolor FtsE has been shown to localize after DNA 
segregation at the septa of maturing spores (Noens, 2007), which suggests that FtsEX is a 
nonessential part of the cell division complex of S. coelicolor. 
SlzA, which was found to be highly conserved and unique to Streptomyces, was 
also not necessary for viability, sporulation, or septation on MS or minimal glucose (data 
not shown) agar. Its ability to sporulate on R2YE was tested as well, but the data was 
inconclusive due to the poor development of the wildtype control strain M145 (data not 
shown). The data collected, however, imply three possible functions. First, with its 
genetic proximity to smc, SlzA may be directly or indirectly involved with DNA 
condensation and segregation. While no overt phenotype was observed when the total 
nucleic acid stain propidium iodide was used to visualize DNA segregation in the slzA 
strain (date not shown), there are other proteins with redundant functions that could 
compensate for the loss of SlzA. Dedrick et al. (2007) have previously shown that a Δsmc 
ΔparB ΔftsK triple mutant strain is viable and capable of segregating DNA into 90% of 
spores. Second, SlzA is a leucine zipper type coiled-coil protein that strongly interacts 
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with itself in the bacterial two-hybrid analysis. Its tertiary structure and white colony 
mutant phenotype suggest it could possibly be a factor of identified function necessary 
for proper differentiation during development-associated cell division. In S. venezuelae, 
SlzA (SVEN5271) is one of many targets of WhiA (M Butner, John Innes Centre: 
personal communication), a transcriptional regulator whose expression is highly up-
regulated during sporulation, which suggests the expression of slzA may also be 
upregulated during aerial filament development. Lastly, the possibility of SlzA working 
as an FtsZ-associated protein cannot be ruled out based solely on the bacterial two-hybrid 
results. Even if SlzA does not interact with FtsZ, a direct interaction is not necessary to 
modulate Z-ring assembly. E. coli ZapB, which could possibly be a functional analog of 
SlzA, does not directly interact with FtsZ and yet is still necessary for proper stabilization 
of the Z-ring through its interaction with ZapA (Galli and Gerdes, 2010; Galli and 
Gerdes, 2012). In addition to its role in Z-ring stability, ZapB also induces nucleoid 
condensation when overexpressed and interacts with MatP, a protein that binds and 
compacts a portion of the E. coli chromosome (Ebersbach et al., 2008; Espéli et al., 
2012). It is therefore possible that SlzA may also be involved in multiple processes 
associated with development and division. Clues as to the function of SlzA could be 
found by using the plasmids constructed in this study to screen a bacterial two-hybrid 
library.   
The amount of redundancy found among the proteins involved with S. coelicolor 
development-associated cell division is staggering. In addition to the DNA condensation 
and segregation proteins mentioned above, FtsQ, DivIC (FtsB homolog), FtsL, FtsI, and 
FtsW were all found to be dispensable for sporulation and division under certain 
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conditions, although the ftsQ strain was largely blocked for division and the ftsL, 
diviC, ftsI , and ftsW strains were completely blocked for division when grown on the 
nutrient-rich, osmotically enhanced medium R2YE (McCormick and Losick, 1996; 
Bennett et al., 2007; Bennett et al., 2009). The fact that FtsE, FtsX, and SlzA are not 
essential for sporulation division might not be that surprising. On the other hand, the lack 
of an obvious division defect when these proteins are absent cannot rule them out as 
possible redundant contributors to the formation and stability of the Z-rings. Further 
studies will be necessary to elucidate the functions of these conserved proteins. 
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Table 3.1: E. coli strains used in this study. 
Strain Genotype Reference/Source 
BT340 F- Δ(argF-lac)169 80ΔlacZ58(M15) glnV44(AS) 
λ- rfbC1 gyrA96 recA1 endA1 spoT1 thiE1 hsdR17 / 
pCP20 
Datsenko and 
Wanner, 2000 
BTH101 F- cya-99 araD139 galE15 galK16 rpsL1 hsdR2 
mcrA1 mcrB1 
Euromedex 
BW25113 F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 
Δ(rhaD-rhaB)568 hsdR514 
Datsenko and 
Wanner, 2000 
ET12567 F- dam-13::Tn9 dcm-6 hsdM hsdR recF143 
zjj201::Tn10 galK2 galT22 ara-14 lacY1 xyl-5 
leuB6 thi-1 tonA31 rpsL136 hisG4 tsx-78 mtl-1 
glnV44  
MacNeil et al., 
1992 
TG1 supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5 (rK-mK) / 
F´ traD36 proAB lacIqZΔM15 
Sambrook et al., 
1989 
TOP10 F- mcrA Δ(mrr-hsd RMS-mcrBC) 
80lacZΔM15ΔlacX74 deoR recA1 araD139 
Δ(araA-leu)697 galU galK 
Invitrogen 
 
  
 114
Table 3.2: S. coelicolor A3(2) strains used in this study. 
Strain Genotype Reference/Source 
AK28 ftsEX::aac(3)IV This study 
AK29 ftsX::aac(3)IV This study 
AK30 ftsE::aac(3)IV This study 
AK33 sepF::frt Kotun et al., Chapter 2 
AK34 slzA::aac(3)IV This study 
AK39 ftsE::frt This study 
HU133 ftsZ::aphI McCormick et al., 1994 
HU151 ftsQ::aadA McCormick and Losick, 1996 
M145 Prototroph SCP1− SCP2− Hopwood et al., 1985 
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Table 3.3: Cosmids and plasmids used in this study. 
Cosmid/ 
Plasmid 
Description Reference/ 
Source 
pAK25 StE59 derivative: ΔftsX::aac(3)IV-oriT This study 
pAK26 StE59 derivative: ΔftsEX::aac(3)IV-oriT This study 
pAK28 StE59 derivative: ΔftsE::aac(3)IV-oriT This study 
pAK64 ftsZ flanked by Acc65I sites cloned into pKNT25 This study 
pAK65  ftsZ flanked by Acc65I sites cloned into pUT18 This study 
pAK67 ftsZ with native stop codon flanked by Acc65I sites 
cloned into pKT25 
This study 
pAK68 ftsZ with native stop codon flanked by Acc65I sites 
cloned into pUT18C 
This study 
pAK69 `ftsZ encoding the 88 amino acid linker and C-terminal 
tip with native stop codon flanked by Acc65I sites cloned 
into pKT25, no additional codons supplied by vector 
This study 
pAK70 `ftsZ encoding the 88 amino acid linker and C-terminal 
tip with native stop codon flanked by Acc65I sites cloned 
into pUT18C, no additional codons supplied by vector 
This study 
pAK71 `ftsZ encoding the 10 amino acid C-terminal tip with 
native stop codon flanked by Acc65I sites cloned into 
pKT25, no additional codons supplied by vector 
This study 
pAK72 `ftsZ encoding the 10 amino acid C-terminal tip with 
native stop codon flanked by Acc65I sites cloned into 
pUT18C, no additional codons supplied by vector 
This study 
pAK77 slzA flanked by Acc65I sites cloned into pKT25 This study 
pAK78 slzA flanked by Acc65I sites cloned into pKNT25 This study 
pAK79 slzA flanked by Acc65I sites cloned into pUT18 This study 
pAK80 slzA flanked by Acc65I sites cloned into pUT18C This study 
pAK88 ftsE flanked by Acc65I sites cloned into pKT25 This study 
pAK89 ftsE flanked by Acc65I sites cloned into pKNT25 This study 
pAK90 ftsE flanked by Acc65I sites cloned into pUT18 This study 
pAK91 ftsE flanked by Acc65I sites cloned into pUT18C This study 
pAK92 ftsX flanked by Acc65I sites cloned into pKT25 This study 
pAK93 ftsX flanked by Acc65I sites cloned into pKNT25 This study 
pAK94 ftsX flanked by Acc65I sites cloned into pUT18 This study 
pAK95 ftsX flanked by Acc65I sites cloned into pUT18C This study 
pAK101 StE59 derivative: ΔftsE::frt Δbla::aac(3)IV-oriT This study 
pCG1 St7A1 derivative: ΔslzA::aac(3)IV-oriT This study 
pCP20 Source of FLP-recombinase, rep101ts Cherepanov and 
Wackernagel, 
1995 
pCR2.1 TA cloning vector Invitrogen 
pHW35 pJRM10 derivative expressing slzA smc Dedrick et al., 
2009 
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Table 3.3 (continued): Cosmids and plasmids used in this study. 
Cosmid/ 
Plasmid 
Description Reference/ 
Source 
pIJ773 pBluescript II SK(+) derivative containing aac(3)IV-oriT 
disruption cassette flanked by frt  sites 
Gust et al., 
2003 
pIJ790 -RED (gam, bet, exo) araC rep101ts Gust et al., 
2003 
pIJ799 pBluescript II SK(+) derivative containing aac(3)IV-oriT 
cassette flanked by bla homologous sequences 
Gust et al., 
2003 
pKNT25 Bacterial two-hybrid vector used to create a fusion to the 
N-terminus of the CyaA T25 polypeptide 
Euromedex 
pKT25 Bacterial two-hybrid vector used to create a fusion to the 
C-terminus of the CyaA T25 polypeptide 
Euromedex 
pT18 Bacterial two-hybrid vector with cyaA fragment T18 Karimova et 
al., 1998 
pT18-zip cyaA fragment T18 fused to the leucine zipper region of 
the yeast protein GCN4 
Karimova et 
al., 1998 
pT25 Bacterial two-hybrid vector with cyaA fragment T25 Karimova et 
al., 1998 
pT25-zip cyaA fragment T25 fused to the leucine zipper region of 
the yeast protein GCN4 
Karimova et 
al., 1998 
pUT18 Bacterial two-hybrid vector used to create a fusion to the 
N-terminus of the CyaA T18 polypeptide 
Euromedex 
pUT18C Bacterial two-hybrid vector used to create a fusion to the 
C-terminus of the CyaA T18 polypeptide 
Euromedex 
pUZ8002 RK2 derivative which is a nontransmissible helper plasmid 
in E. coli 
Kieser et al., 
2000 
St7A1 Cosmid containing slzA Redenbach et 
al., 1996 
StE59 Cosmid containing ftsE and ftsX Redenbach et 
al., 1996 
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Table 3.4: Oligonucleotides used in this study. 
Oligonucleotide Sequencea Application 
ftsE59 TCGTTAAGCCTTTCCGTTCCTCGTCGTCTG
TGGCTCGTCATGTAGGCTGGAGCTGCTTC 
Construction of 
ΔftsE::aac(3)IV 
ftsE60 TCACGCACATCTACCCCCGGCGACCCGTGG
TGCATCCGTGATTCCGGGGATCCGTCGACC 
Construction of 
ΔftsE::aac(3)IV 
FtsEKpnF ATCGGGTACCTGTGATCCGATTCGACAAC Add Acc65I site to 
5’ end of ftsE 
FtsEKpnR ATATGGTACCTGCTGGTAGCCGTAGACA Add Acc65I site to 
3’ end of ftsE 
ftsX59 GCACGGTCCCTCGACCGCACGGCCCTCTTG
GTATGTGTCATGTAGGCTGGAGCTGCTTC 
Construction of 
ΔftsX::aac(3)IV 
ftsX60 ACAGACGACGAGGAACGGAAAGGCTTAACG
AGACGCCATGATTCCGGGGATCCGTCGACC 
Construction of 
ΔftsX::aac(3)IV 
FtsXKpnF ATATGGTACCTATGCGCGCCCAGTTCGTA Add Acc65I site to 
5’ end of ftsX 
FtsXKpnR ATGTGGTACCACCTTCAGGTACTTGCGC Add Acc65I site to 
3’ end of ftsX 
FtsZC12KpnF2 ATATGGTACCTGCGGCGGAGGAACTGGACG
TGCCGGACTTC 
Add Acc65I site to 
5’ ftsZ C-terminal 
tip 
FtsZLCKpnF GGTACCTGACGGGGGCCAGCCGCCG Add Acc65I site to 
5’ ftsZ linker region 
FtsZKpnFwd GGTACCTGTGGCAGCACCGCAGAAC Add Acc65I site to 
5’ end of ftsZ 
FtsZKpnRev GGTACCTTCAGGAAGTCCGGCACGT Add Acc65I site to 
3’ end of ftsZ 
FtsZKpnStopRev2 ATGCGGTACCTCACTTCAGGAAGTCCGGCA
CGTCCAGTTCC 
Add Acc65I site to 
3’ of ftsZ with stop 
codon 
SlzAKpnF GGTACCTATGGCAAAGGCGCTTCTC Add Acc65I site to 
5’ end of slzA 
SlzAKpnR GGTACCGTGAGCGCAGGCTCCGCCT Add Acc65I site to 
3’ end of slzA 
ZapB59 CCGGCCACTGCCGTGCCGTGGTGGAGCGAT
GCAGTGATCATGTAGGCTGGAGCTGCTTC 
Construction of 
ΔslzA::aac(3)IV 
ZapB60 GCTTCGGTCGGTCACTCATTGTGGAGGACC
ATCCATCATGATTCCGGGGATCCGTCGACC 
Construction of 
ΔslzA::aac(3)IV 
a) double underline – restriction enzyme site 
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Figure 3.1: FtsE and FtsX are conserved in S. coelicolor. 
A) Amino acid sequence alignment comparing FtsE of S. coelicolor, B. subtilis, and 
E. coli. The highly conserved ATPase Walker A and Walker B motifs are highlighted. 
B) Amino acid sequence alignment comparing FtsX of S. coelicolor, B. subtilis, and 
E. coli FtsX. Transmembrane-spanning regions were predicted using the Dense 
Alignment Surface Transmembrane Prediction Server and are highlighted (Cserzö et al., 
1997). Only segments that were above the strict cutoff of 2.2 and longer than 15 amino 
acid residues were considered. Alignments were made using Clustal W (Larkin et al., 
2007) (star – conserved residue, colon – conserved substitution, period – semi-conserved 
substitution) 
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Figure 3.2: SlzA is predicted to be a coiled-coil protein of the leucine 
zipper category and is highly conserved only among Streptomyces 
species and other Actinobacteria. 
A) Amino acid residues 15-42 of the 69 amino acid S. coelicolor SlzA are predicted to 
form a coiled-coil leucine zipper motif. This prediction was created using the 2-ZIP 
Server (Bornberg-Bauer et al., 1998). B) Sequence alignment shows that SlzA is very 
highly conserved among Streptomyces species with 62% identical residues. C) SlzA is 
also conserved among other Actinobacteria with 23% identical residues, most of which 
correspond to the leucine zipper. All Streptomyces species are underlined. SlzA 
sequences from Kitasatospora, Thermomonospora, Thermobispora, Streptosporangium, 
Acidothermus, Kribbella, Nocardiopsis, and Catenulispora species are also shown. 
Alignments were made in Clustal X (Larkin et al., 2007). (star – conserved residue, colon 
– conserved substitution, period – semi-conserved substitution) 
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Figure 3.3: Macroscopic phenotypes of the ftsE-, ftsX-, ftsEX-, and slzA-
null strains.  
Strains were grown on A) minimal media supplemented with glucose and B) MS agar for 
4 days at 30°C before image acquisition. Strains in which the resistance marker was 
removed via Flp-mediated recombination to prevent polar effects on neighboring 
downstream genes are noted (frt). All other mutants contain a resistance marker in place 
of the gene. The ftsE, ftsX, and ftsEX mutants (AK30, AK29, and AK28, respectively) 
have an appearance similar to that of the wildtype strain M145. The slzA mutant (AK34) 
has a white colony phenotype. The sepF-, ftsQ-, and ftsZ-null strains are each severely or 
completely blocked for vegetative and developmental division and are only shown for 
comparison.  
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Figure 3.4: Microscopic phenotypes of the ftsE-, ftsX-, ftsEX-, and slzA-
null strains. 
Shown are phase-contrast images of the developmental phenotypes of a typical aerial 
hypha of each strain. A) Comparison between the wildtype strain M145 and the ftsE, 
ftsX, and ftsEX strains AK30, AK29, and AK28, respectively. B) Comparison between 
the wildtype strain M145 and the slzA strain AK34. Strains were grown on MS agar for 
5 days at 30°C adjacent to cover slips before cover slips were removed and mounted for 
phase-contrast microscopy. 
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Figure 3.5: FtsE and FtsX do not interact with themselves, each other, 
or FtsZ in a bacterial two-hybrid analysis.  
Colonies were patched on MacConkey maltose agar and were incubated at 30°C for 18 
hours. A) Eight bacterial two-hybrid vectors expressing FtsE (E) and FtsX (X) fused to 
T18 and T25 domains of CyaA were cotransformed into BTH101 and visually screened. 
No interactions were observed, as indicated by the lack of red pigment. B) Four bacterial 
two-hybrid vectors expressing FtsZ (Z) fused to T18 and T25 were cotransformed with 
the FtsE and FtsX expressing plasmids into BTH101 and visually screened. No 
interactions were observed. C) Strains coexpressing pT18-zip/pT25-zip and pT18/pT25 
served as the positive and negative controls, respectively. Only one representative patch 
of three replicates is shown.   
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Chapter 4: Concluding Remarks and Future Directions 
OVERVIEW 
The structure and function of FtsZ, the prokaryotic homolog of tubulin, is highly 
conserved and essential for cell division. Relative to more well known unicellular 
bacteria, FtsZ dynamics during development-associated cell division remain relatively 
conserved in Streptomyces coelicolor. As the levels of intracellular FtsZ increase, it 
polymerizes to form a helical structure spanning the entire length of the aerial filament 
(Grantcharova et al., 2005). A remodeling event occurs to condense this helix into 
smaller helices and ring-like structures, eventually culminating with the formation of tens 
of evenly-spaced Z-rings (Schwedock et al., 1997; Grantcharova et al., 2005). Besides 
the number of Z-rings formed, another obvious difference between S. coelicolor and 
unicellular bacteria in regards to Z-ring dynamics are the FtsZ-interacting proteins. 
Escherichia coli, Bacillus subtilis, and Caulobacter crescentus require many proteins for 
proper formation, localization, and modulation of the single Z-ring per cell compartment. 
The 9.7 Mb genome of S. coelicolor has been sequenced and annotated revealing many 
homologous cell division genes (Bentley et al., 2002; Weaver et al., 2004); however, 
obvious homologs of most of the genes encoding FtsZ-interacting proteins are noticeably 
absent. The goal of this dissertation was to better understand the localization and stability 
of the Z-rings in S. coelicolor aerial hyphae. 
THE C-TERMINAL TIP OF S. COELICOLOR FTSZ  
Comparison of FtsZ from various species revealed that the C-terminal tip (CTT) 
contains a conserved 10 amino acid sequence and a variable region. The highly conserved 
region contains the amino acid residues that are important for protein-protein interactions 
 130
with FtsZ modulating proteins, while in B. subtilis the 5 amino acid variable region of the 
CTT has been shown to be necessary for forming lateral interactions between 
protofilaments in vitro in the absence of modulator proteins (Buske and Levin, 2012). S. 
coelicolor FtsZ only contains the highly conserved portion of the CTT; however, proteins 
interacting at this region had yet to be identified. Two obvious candidates would be FtsA 
and ZipA, essential proteins that interact with the CTT to tether FtsZ to the membrane in 
E. coli, but these FtsZ-interacting proteins are not found in S. coelicolor. Instead, SsgA 
and SsgB localize to the future site of division where SsgB directly interacts with the N-
terminal domain of FtsZ to help secure the FtsZ-rings to the membrane (Willemse et al., 
2011). Due to the lack of identified proteins that interact with the CTT of S. coelicolor 
FtsZ, this region was analyzed to determine if it was essential for development-associated 
cell division. 
Truncating the CTT by 12 amino acids did not affect its stability and revealed it is 
absolutely necessary for FtsZ function. FtsZ lacking the CTT cannot produce vegetative 
cross-walls, as determined by the overproduction of the blue pigment on solid media, or 
development-associated septa. This phenotype is identical to that of a strain completely 
lacking FtsZ (McCormick et al., 1994). Furthermore, alanine-scanning mutagenesis of 
the 10 amino acid residues of the CTT revealed the most important amino acid residues: 
L392, D393, V394, P395, F397, and L398. Five of these residues are identical or 
conserved substitutions in other bacterial species, where they are essential for many 
protein-protein interactions including: FtsA, ZipA, and SepF (Wang et al., 1997; Liu et 
al., 1999; Ma and Margolin, 1999; Król et al., 2012). The other amino acid substitutions 
did not prevent development-associated cell division, but did affect spore size and shape 
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suggesting that these variants were marginally impaired in function. Because the amino 
acid composition of the CTT is highly conserved and necessary for sporulation, there 
must be a protein(s) present in S. coelicolor that is essential for the function of FtsZ.  
SEPF AND THE FTSZ-RING 
SepF is conserved among Gram-positive bacteria and is best characterized in 
B. subtilis, where cells lacking SepF appear slightly elongated and produce septa with 
abnormal morphologies (Hamoen et al., 2005; Ishikawa et al., 2006). This phenotype has 
been linked to the ability of SepF to stimulate the assembly of protofilaments through an 
interaction at the CTT of FtsZ (Singh et al., 2008; Król et al., 2012). SepF has also been 
partially characterized in the Gram-positive bacterium Streptococcus pneumoniae as well 
as two cyanobacteria, Synechococcus elongatus and Synechocystis Strain PCC 6803. 
S. pneumoniae SepF was found to be nonessential for viability, but necessary for proper 
septum formation and cell size (Fadda et al., 2003). SepF was found to be essential in the 
cyanobacteria studied; however, depletion of SepF led to a similar phenotype found in the 
B. subtilis sepF mutant: cells of irregular size and shape and the formation of aberrant 
septa (Miyagishima et al., 2005; Marbouty et al., 2009a). Synechocystis SepF has also 
been found to localize to the septum at midcell in vivo and bind FtsZ polymers to 
stimulate assembly of protofilaments in vitro (Marbouty et al., 2009a). There is one SepF 
homolog and two SepF-like proteins (SflA and SflB) identified in S. coelicolor that could 
bind to the CTT of FtsZ. SepF was chosen to be characterized in this study. 
Based on the phenotype of the sepF strain, it was obvious that this protein plays 
a much larger role in septum formation than its Gram-positive homologs in B. subtilis 
and S. pneumonia. Vegetative septation appears to be severely reduced or possibly 
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blocked, apparent by the overproduction of blue pigment on solid media. In addition, 
development-associated cell division was completely blocked as judged by its inability to 
produce sporulating septa or even produce constrictions within the cell wall of aerial 
hyphae. These phenotypes are very similar to those of the ftsQ and ftsZ strains 
(McCormick et al., 1994; McCormick and Losick, 1996), but not to the ftsL, divIC, 
ftsI, and ftsW division mutant strains (Bennett et al., 2007; Bennett et al., 2009). SepF-
EGFP localized to constriction sites in the aerial hyphae, and the number and fluorescent 
signal intensity of FtsZ-EGFP in the Z-rings was dramatically reduced in the sepF 
strain, verifying its important role in division. The current model of FtsZ assembly in 
aerial filaments begins with the formation of a septum near the base, a so called basal 
septum, to create the subapical stem, a compartment which serves as the interface 
between aerial and vegetative hyphae (Grantcharova et al., 2005; Dalton et al., 2007). 
With the strong division block in the absence of SepF, this compartmentalization most 
likely does not occur either preventing developmentally induced FtsZ expression or 
allowing FtsZ to freely diffuse into the vegetative filaments. In either case, this reduction 
of FtsZ could explain why fewer Z-rings formed in the sepF-null strain and those that did 
were found in both aerial and vegetative compartments. 
The S. coelicolor SepF homolog retains its function to simulate native FtsZ 
polymerization through an interaction at the CTT of FtsZ, as evident by the results of the 
cosedimentation assay. The FtsZ(F397A) variant, with a block in division as strong as the 
null mutant, nonetheless shares identical biochemical properties with native FtsZ in 
regards to in vitro polymerization. However, polymerized FtsZ(F397A) was unable to 
pull down SepF. This phenomenon was also observed in B. subtilis when the same amino 
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acid residue was altered (Król et al., 2012). Therefore, the in vivo phenotypes of strains 
expressing the FtsZ(C12) truncation and other alanine-scanning variants are most likely 
nonfunctional because they have lost the ability to interact with SepF. Continued 
characterization of SepF using a complementary bacterial-two hybrid analysis, found that 
S. coelicolor SepF could dimerize. In B. subtilis, SepF oligomerizes to form large rings in 
vitro that bundle FtsZ protofilaments into tubular structures similar to microtubules 
(Gündoğdu et al., 2011). While analyzing the behavior of SepF polymers was beyond the 
scope of this investigation, S. coelicolor SepF has been found to form rings in vitro (LW 
Hamoen, University of Newcastle: personal communication). Therefore, it is possible 
that S. coelicolor FtsZ protofilaments are bundled via a similar mechanism.  
How SepF modulates FtsZ dynamics in S. coelicolor is not currently understood. 
Samples from the cosedimentation assay should be negatively stained and visualized via 
TEM to determine if larger or bundled structures can form in vitro. TEM thin sections of 
the sepF strain ought to be analyzed as well to determine if normal septation is 
occurring at a drastically reduced rate or if partial and aberrant septation is happening. 
There are also two additional SepF-like proteins (SflA and SflB) found in S. coelicolor 
that should be characterized. The SepF expressed from the gene in the division and cell 
wall gene cluster is under the most selective pressure and is most similar to the only SepF 
expressed in unicellular Actinomycetes (e.g. the Mycobacterium and Micrococcus 
species) and the Firmicutes. However, there must be a reason why the two additional 
SepF-like proteins are conserved among every Streptomyces species. A deletion of sflB 
has not yet been created, but is underway. A sflA::Tn5 insertion strain did not have a 
discernible phenotype, but the protein does appear to form rings in vitro (LW Hamoen, 
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University of Newcastle: personal communication). This may suggest that the SepF-like 
proteins play a nonessential role in FtsZ polymerization or perhaps some other 
polymerized cytoskeletal elements. They may also copolymerize with SepF to function 
properly. More analyses are required before definitive conclusions can be drawn. 
OTHER PUTATIVE FTSZ-ASSOCIATED PROTEINS 
In addition to FtsA and ZipA, E. coli FtsZ relies on several other nonessential 
modulator proteins for the formation and stability of the Z-ring. The ATP-binding 
cassette (ABC) transporter FtsEX is required for the stability of the Z-ring under 
conditions of low salt and low osmotic strength and is also necessary for cell wall 
hydrolysis at the site of division (Reddy, 2007; Yang et al., 2011; Meisner et al., 2013). 
ZapA, -B, -C, and –D are small, cytoplasmic, nonessential proteins that contribute to the 
overall stability of FtsZ protofilaments in E. coli. They do not share any primary 
sequence identity with one another, but they each promote FtsZ polymer bundling, 
stabilize longitudinal interactions, and prevent GTP hydrolysis (Gueiros-Filho and 
Losick, 2002; Small et al., 2007; Mohammadi et al., 2009; Dajkovic et al., 2010; Galli 
and Gerdes, 2010; Durand-Heredia et al., 2011; Hale et al., 2011; Galli and Gerdes, 
2012; Durand-Heredia et al., 2012).  
S. coelicolor has homologs of both FtsE and FtsX (SCO2969 and SCO2968, 
respectively). Noens (2007) had previously isolated an ftsX mutant strain, but was unable 
to isolate an ftsE mutant by transposon insertion or PCR-medicated mutagenesis, 
suggesting it may be essential. In this study, the ftsE, ftsX, and ftsEX strains, all of 
which were viable and able to sporulate as well as the wildtype, were readily isolated. 
The lack of FtsX also has no effect on Z-ring formation or DNA condensation and 
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segregation (Noens, 2007). Because these strains lack a discernible phenotype, it is 
difficult to determine the exact role of FtsE and FtsX. If they have a role in Z-ring 
stability or cell wall remodeling, it might be redundant. While an interaction between 
these proteins was not observed in the bacterial two-hybrid assay, these proteins are 
conserved and retain the properties that would characterize FtsE as an ATPase and FtsX 
as a transmembrane protein capable of forming a channel. We cannot rule out the 
possibility that S. coelicolor FtsE and FtsX form a functional ABC transporter, although 
this transporter would not be likely to transport ions or salt, however, as the membrane-
spanning regions of FtsX do not contain any charged residues. E. coli FtsE 
coimmunoprecipitated with FtsZ (Corbin et al., 2007), but neither FtsE nor FtsX 
interacted with FtsZ in the bacterial two-hybrid analysis used in this study. However, 
FtsE has been shown to localize via immunofluorescence after DNA segregation at the 
septa of newly formed prespores (Noens, 2007). This indicates that FtsEX might be a 
nonessential part of the cell division complex of S. coelicolor. 
A novel, non-annotated open reading frame discovered approximately 300 bp 
upstream of the DNA segregation and condensation gene smc was also characterized in 
this study. It was named small leucine zipper protein A (slzA) (SCO5576a) due to the 
predicted leucine zipper motif of the 69 amino acid protein product. Because of its size 
and secondary structure, almost entirely coiled-coil, it was as considered to be a possible 
analog of the 81 amino acid E. coli ZapB. This protein is highly conserved among 
Streptomyces species as well as other Actinobacteria, but this study showed it is not 
necessary for viability, septation, or sporulation in S. coelicolor. The mutant strain did 
however display a white colony phenotype, which may suggest this protein could be a 
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direct or indirect regulator of development. A better characterization of this mutant strain 
could be achieved by testing the spores for heat and lysozyme sensitivity to ensure they 
are as viable as wildtype spore and viewing TEM thin sections of the spore wall. 
Alternatively, with its genetic proximity to smc, SlzA may be directly or indirectly 
involved with DNA condensation and segregation. No obvious condensation or 
segregation phenotype was observed in this study, but a closer examination would be 
warranted since there might be several other proteins that could compensate for the loss 
of SlzA. Dedrick et al. (2007) have shown that a Δsmc ΔparB ΔftsK triple mutant strain 
is viable and capable of segregating DNA into 90% of spores. Analyzing a significant 
number of spore chains or looking carefully to see in the nucleoids are less condensed 
may be the only ways to document a weak DNA segregation phenotype.  
The possibility of FtsE, FtsX, and SlzA working as FtsZ-associated proteins 
cannot be ruled out based solely on the results of this study. The adenylate cyclase 
bacterial two-hybrid is a good preliminary analysis of protein-protein interactions, but is 
known to produce false positives and negatives. Observing the expression phenotypes 
and localization pattern of the fusion proteins might be useful to help elucidate their true 
functions. I have created S. coelicolor strain expressing FtsE-mCherry and FtsX-
mCherry, but was unable to observe a fluorescent signal (Appendix II). Even if these 
proteins do not bind FtsZ, a direct interaction is not necessary to modulate Z-ring 
assembly. The E. coli zapB strain is delayed for cell division and forms ectopic Z-rings 
(Ebersbach et al., 2008). ZapB does not directly interact with FtsZ, however. Instead, it 
helps to stabilize the Z-ring through its interaction with ZapA, which directly interacts 
with FtsZ (Galli and Gerdes, 2010; Galli and Gerdes, 2012). 
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THE SEARCH FOR FTSZ-INTERACTING PROTEINS 
 In the search for new cell division players, YlmD, YlmE, and YlmG (SCO2081, 
SCO2080, and SCO2078, respectively) might warrant immediate consideration. Their 
genetic location is within the division and cell wall gene cluster between ftsZ and divIVA, 
where they flank sepF (previously known as ylmF). Like sepF, deleting these genes in 
B. subtilis had no effect on division (Hamoen et al., 2005). However, they may still be 
important for development-associated division based on the severe phenotype of the 
S. coelicolor sepF-null strain compared to that of B. subtilis. The sepF complementation 
plasmid used in this study did not fully restore sporulation to the sepF strain and also 
moderately reduced the sporulation efficiency of the wildtype strain (data not shown). 
This result many suggest that expression of the truncated ylmG gene within the 
complementation plasmid insert is affecting development. In addition, Synechocystis 
Strain PCC 6803 YlmD has been shown to interact with itself as well as ZipN, FtsQ, and 
FtsI by a bacterial two-hybrid analysis (Marbouty et al., 2009b). These results confirm 
that a more detailed analysis of the ylm genes is necessary.  
 To find novel FtsZ-interaction proteins, constructs were created to use the CTT of 
FtsZ as bait to screen a library of clones using the adenylate cyclase bacterial two-hybrid 
system. Based on the results of the assay in this study, however, an alternative method 
should be considered. The bacterial two-hybrid was unable to find an interaction between 
SepF and FtsZ, which was verified instead through the use of a cosedimentation assay. 
Neither an interaction between SepF and FtsZ nor SepF dimerization was observed when 
this assay was used in S. aureus (Steele et al., 2011). This system failed to find 
interactions between S. coelicolor FtsE and FtsX as well. If these proteins function like 
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FtsE and FtsX of E. coli and B. subtilis, they should be able to dimerize and interact with 
one another. While it may be difficult to analyze FtsX interactions because it is an 
integral membrane protein, the same bacterial two-hybrid analysis found that E. coli FtsX 
interacts with FtsA and FtsQ; FtsE was not included in the analysis (Karimova et al., 
2005). Because of the inconsistencies of this assay, it would be best to use other proven 
techniques to find FtsZ-interacting proteins. FtsZ-SepF interactions have been 
successfully described in B. subtilis using a GAL4-based yeast two-hybrid, 
colocalization, and pull-down assays, and the E. coli FtsZ-FtsE interaction was 
determined by coimmunoprecipitation (Hamoen et al., 2005; Ishikawa et al., 2006; 
Corbin et al., 2007; Król et al., 2012).  
Lastly, there are also many duplicated, Streptomyces-specific, and Actinobacteria-
specific genes of unknown function identified within the large S. coelicolor genome that 
could possibly play a role in cell division. In addition to the two additional SepF-like 
proteins noted above, there are also genes for four FtsK-like proteins and others with the 
capacity to encode three additional FtsW/FtsI-like (SEDS) pairs, to name a few (Ausmees 
et al., 2007; Wang et al., 2007; Mistry et al., 2008; Bennett et al., 2009). With a 9.7 Mbp 
genome, which is twice the size of E. coli and B. subtilis and encodes 2000 more genes 
than Saccharomyces cerevisiae, there are many S. coelicolor genes that remain to be 
explored. It is only a matter of time before more components of the cell division 
machinery are found. 
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APPENDIX I: PARTIAL BIOCHEMICAL CHARACTERIZATION OF FTSZ(A275V) 
The biochemical properties of another FtsZ variant, FtsZ(A275V), was partially 
characterized in this study. Morris (2002) discovered this completely nonfunctional 
variant during an N-Methyl-N'-Nitro-N-Nitrosoguanidine (NTG) mutagenic screen 
because the mutant had a blue halo phenotype and behaved like the ftsZ strain. This 
screen was only successful because division is not essential for this organism. The mutant 
gene was isolated and failed to complement the ftsZ strain HU133. This modest amino 
acid substitution resulted in an FtsZ variant that was as defective as a null mutant. 
Subsequent experiments designed to isolate intragenic suppressor mutations was 
successful, the best of which was G101S (Ciccone, 2003; Szabo, 2006). Based on the 
location of the mutation in the globular C-terminal domain and the suppressors located 
near the GTP-binding domain, it is possible that the FtsZ(A275V) variant is structurally 
unable to polymerize, bind GTP, or hydrolyze GTP. I created a side project to analyze the 
biochemical properties of FtsZ(A275V), FtsZ(G101S), and FtsZ(G101S, A275V). 
Overexpression of FtsZ(A275V), FtsZ(G101S), and FtsZ(G101S, A275V) 
Cloning of ftsZ(A275V), ftsZ(G101S), and ftsZ(G101S, A275V) was performed 
following the instructions of the IMPACT Kit (New England Biolabs). Primers KF44 (5’ 
AGGCCTTCCATATGGCAGCACCGCA 3’) and KF268 (5’ TACGAGACATATGCTC 
TTCTGCACTTCAGGAAGTCCGGCACGT 3’) were used to amplify ftsZ(A275V), 
ftsZ(G101S), and ftsZ(G101S, A275V) from pJWM33, pJWM59, and pJWM60, 
respectively. The PCR products were cloned into pCR2.1 (pAK32, pAK35, and pAK41, 
respectively), digested with NdeI and SapI, and ligated into pTYB1. The resulting 
plasmids (pAK33, pAK47, and pAK56, respectively) were verified by sequence analysis 
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and transformed into the E. coli strain ER2566 for each allele to be overexpressed and 
purified using a previously described protocol (Chapter 2). Each protein was purified, but 
only FtsZ(A275V) was characterized further. 
FtsZ(A275V) polymerizes as efficiently as native FtsZ at optimal determined 
conditions 
 FtsZ(A275V) was diluted to a concentration of 10 M in suboptimal (50 mM 
MES, pH 6.5, 50 mM KCl, 10 mM MgCl2) or optimal (50 mM MES, pH 6.5, 100 mM 
KCl, 5 mM MgCl2) polymerization buffer. The buffers used for this preliminary 
characterization are described in Chapter 2. Polymerization was initiated by adding GTP 
to a final concentration of 1 mM. The 50 L reaction was immediately centrifuged at 
25°C for 10-15 minutes at 300,000 × g. The supernatant was removed and the pellet was 
resuspended in 2× Laemmli buffer, fractionated on a 10% polyacrylamide gel, and 
stained using the Coomassie method. FtsZ and FtsZ(F397A) were used for comparison 
(Chapter 2). The concentration of polymerized protein in the pellet was determined using 
a previously described densitometry protocol (Chapter 2).  
 When incubated in the optimal polymerization buffer (50 mM MES, pH 6.5, 100 
mM KCl, 5 mM MgCl2) FtsZ(A275V) was able to polymerizes as efficiently as native 
FtsZ and the C-terminal tip variant FtsZ(F397A) (Figure A1.1). Previous findings have 
shown that the polymerization buffer used for in vitro sedimentation of E. coli (50 mM 
MES, pH 6.5, 50 mM KCl, 10 mM MgCl2) is suboptimal for S. coelicolor FtsZ 
protofilament formation (Chapter 2). When FtsZ and FtsZ(F397A) were incubated in this 
buffer, the amount of protofilaments recovered in the sedimentation assay drops by 42-
44% relative to the optimal conditions. On the other hand, FtsZ(A275V) protofilament 
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with Acc65I or KpnI, and ligated into pT18 and pT25 to create pAK49 and pK50, 
respectively. All constructs were verified by sequence analysis, but never analyzed using 
the bacterial two-hybrid assay. 
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APPENDIX II: CREATING FTSE-, FTSX-, AND SLZA-MCHERRY FUSIONS 
In an attempt to determine the localization of FtsE, FtsX, and SlzA in vivo, 
mCherry fusions of each were created. The mCherry gene was amplified from pKF210 
(K Flärdh, Lund University, Lund, Sweden, unpublished) and sequence encoding a 
flexible linker (LPGPE) was added via PCR using primers Linker-Cherry and mCherry-
Rev. The entire PCR product was concentrated and used as template in a second PCR. 
The EcoRI/HindIII digested pIJ773 disruption cassette (aac(3)IV-oriT) was added in 
place of primers. Overlapping sequence between the two templates allowed for 
annealing, extension, and creation a 2108 bp product containing the linker, mCherry, and 
the aac(3)IV gene, flanked by NdeI sites, that was cloned into pCR2.1 to create pAK96. 
The new cassette was digested with EcoRI and amplified with primer pairs FtsE-
Apra/FtsE-Linker, FtsX-Apra/FtsX-Linker, and SlzA-Apra/SlzA-Linker to add homology 
to ftsE, ftsX, and slzA, respectively. Genetically marked mCherry fusion cassettes 
replaced the native genes on cosmids StE59 (ftsE and ftsX) and St7A1(slzA) via PCR-
medicated mutagenesis to create pAK97 (ftsE-mCherry), pAK98 (ftsX-mCherry), and 
pAK99 (slzA-mCherry) (Gust et al., 2002). The mobilizable cosmids were transformed 
into donor strain ET12567/pUZ8002 and introduced into the S. coelicolor strain M145 
chromosome via homologous recombination after conjugation. The resulting strains 
AK35 (ftsE-mCherry) and AK36 (ftsX-mCherry) were verified by PCR, sequencing, and 
Southern blot hybridization analyses. In preliminary characterization, a fluorescent signal 
was not observed in these strains by confocal microscopy. Isolation of the slzA-mCherry 
S. coelicolor strain was never successfully completed. All transconjugants isolated after 
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double homologous recombination (denoted by apramycin resistance and kanamycin 
sensitivity) contained only the wildtype copy of slzA, as determined by PCR analysis. 
  
 150
Table A2.1: Oligonucleotides used in this study. 
Oligonucleotide Sequencea Application 
Linker-Cherry CTGCCGGGCCCGGAGGTGAGCAAGGG
CGAGGA 
Construction of  the 
mCherry-aac(3)IV 
cassette 
mCherry-Rev GAAGCAGCTCCAGCCTACATATGCTG
GGGAAGCGGCCGCG 
Construction of 
ΔftsE::aac(3)IV 
FtsE-Apra GTCATCGTCAGATTGCGGCGAAGACC
GACTCCGATCTCCGCATATGATTCCGG
GGATCG 
Add ftsE homology 
to the mCherry-
aac(3)IV cassette 
FtsE-Linker CGTCCGGGACCAGGCACGCGGTGTCT
ACGGCTACCAGCACCTGCCGGGCCCG
GAGGTGAG 
Add ftsE homology 
to the mCherry-
aac(3)IV cassette 
FtsX-Apra CGCGGCGGGGCTGACAGAACAGGTCA
CGGCCTGACATGCCCATATGATTCCG
GGGATCCG 
Add ftsX homology 
to the mCherry-
aac(3)IV cassette 
FtsX-Linker GTTGGCCGCGTTCTTCGCGTTGCGCAA
GTACCTGAAGGTGCTGCCGGGCCCGG
AGGTGAG 
Add ftsX homology 
to the mCherry-
aac(3)IV cassette 
SlzA-Apra GGAAAGAAAGAAGGGACGCCGAAGC
GTCCCTTGCAGACTCCATATGATTCCG
GGGATCCG 
Add slzA homology 
to the mCherry-
aac(3)IV cassette 
SlzA-Linker GAGAGCGTTGACGCACACCAGGCGGA
GCCTGCGCTCACCCTGCCGGGCCCGG
AGGTGAG 
Add slzA homology 
to the mCherry-
aac(3)IV cassette 
a) double underline – restriction enzyme site 
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